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Voorwoord
Na alle andere pagina’s te hebben gevuld, kan ik dan eindelijk aan het begin beginnen.
Ik heb gepoogd zoveel mogelijk inzicht te geven in mijn werkwijze zonder speciale kennis
van de lezer te verlangen. Ik ben echter geen specialist op alle terreinen, behandeld in dit
werk, geworden en de uitwerking gaf problemen. Met name de hoofstukken 5, 6 en 8 waren
hoofdbrekers maar juist aan die hoofdstukken heb ik met groot plezier gewerkt. Ik vond
het prettig dat ik daarbij de vrijheid kreeg om mijn inzichten uit te werken.
Ondanks dat het schrijven wat langer heeft geduurd dan gepland heb ik niet al te veel
tegenslagen gehad. Ik had het geluk dat SF6 (naar verwachting) werkelijk een inerte tracer
was, die geen bacterie¨n bedwelmde en dat het diﬀusie transport door met water verzadigde
grond goed meetbaar was. Verder bleek het mogelijk 3D-diﬀusie transport in peren te
beschrijven en de metingen die ik daarvoor gedaan had bruikbaar. Tijdens de metingen
wist ik namelijk nog niet hoe ik de uitwerking zou gaan doen. Jammer was echter wel dat
simultaan detecteren van SF6 en C2H4 niet lukte en dat SF6 adsorptie aan grond vertoonde.
Ik heb dit werk echter niet helemaal alleen gedaan. Er zijn daarom een aantal mensen
die ik hier wil bedanken. Ten eerste Peter van Bodegom. Je hebt me aan het schrijven gezet
en door jou is er daarom ook daadwerkelijk een boekje geschreven. Ik heb prettig met je
samengewerkt, daarbij ben je een onmisbare bron van informatie geweest. De verzameling
artikelen die jij in de jaren aangelegd hebt voorzag in elke vraag die ik me kon stellen en
heeft ervoor gezorgd dat ik snel op de hoogte was van wat er in de microbiologie/ecologie
aan de hand was (tenminste dat wat ik moest weten). Je hebt goede ideee¨n en dankzij jou
zijn er leuke resultaten uit de gastransportmetingen aan rijst gekomen. Ik geloof echter
dat ik je geduld aardig op de proef gesteld heb maar daar heb ik nooit wat van gemerkt.
De tweede persoon is Cor Sikkens, vast gezelschap tijdens de lunch. Het was altijd
een genoegen om het over hobby’s en actualiteiten te hebben en niet over experimenten of
artikelen. Daarbij heb je samen met Chris Timmer onvergetelijke zeilweekenden georgan-
iseerd. Die had ik niet willen missen. Ook was het altijd prettig om informatie bij je in te
winnen, ik was dan vaak niet concreet maar dat bleek geen probleem en meestal bracht je
me op ideee¨n.
Frans Harren, onze samenwerking ging aanvankelijk stroef maar er is dan toch wat
uitgekomen. Je hebt me mijn gang laten gaan en ik heb geprobeerd daar wat van te
maken. Ik vind dat ik hierin ten dele ben geslaagd, de uitwerking is rond maar het is me
niet gelukt het werk te promoten. Een belangrijk handicap hierbij was dat de uitwerking
tot in een laat stadium niet volledig sluitend was te krijgen. In onze samenwerking is
veel verbeterd. De grootste verbetering was het wekelijkse overleg, dit bood belangrijke
feedback. Erg goed waren verder nog de uitjes met de PA-groep, het dagje naar de Efteling
en het bowlen.
VII
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Harro Meijer, ik vind het erg prettig dat je een van mijn promotors bent geworden. Het
is jammer dat het oorspronkelijke doel van het onderzoek en de samenwerking met Gronin-
gen is bijgesteld maar de oxidatie-metingen zouden nooit mogelijk zijn geweest zonder de
Groningse expertise op het Centrum voor Isotopen Onderzoek. Tijdens overleggen had je
meestal een goede aanvulling op mijn redenering, met name voor het laatste hoofdstuk heb
ik dat nodig gehad.
In de tijd dat ik op de afdeling rondhing is er een groot verloop aan mensen geweest. Ik
ben daardoor ongemerkt een van de oudgedienden geworden. Van velen heb ik iets geleerd,
maar wat me opviel was dat Aio’s die net begonnen waren vaak een grote kennis bezaten
van het werk dat ze deden. Ik ben geen fysicus maar heb met plezier kennis opgedaan over
het onderzoek op de afdeling Molecuul- en Laserfysica.
Van de personen tijdens mijn promotie wil ik er hier nog een aantal speciaal noemen:
Rogier, Barbara, Robert en Ivan bedankt voor jullie gezelschap en verhalen. Iulia en Ed/ti,
jullie zijn ﬁjne collega’s en kamergenoten geweest en succes met het verbeteren van jullie
Nederlands. Stefan, Luck-Jan en Sacco; niet alles dat ik jullie vroeg was doordacht, ik
hoop niet dat er nu erg aan mijn verstand wordt getwijfeld. De glasblazers, het was ﬁjn
jullie werk te mogen testen, ik hoop dat ik niet te lastig ben geweest. De hele afdeling
Isotopen Onderzoek in Groningen en met name Bert en Henk, bedankt voor de vriendelijke
ontvangsten en jullie bereidheid altijd uitleg te geven.
Tim Groot Nijmegen, november 2001.
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Chapter 1
Outline of the Thesis
In this thesis the gas exchange of rice plants and fruit is discussed. Gas exchange by
plants, roots, ﬂowers and fruit is important for the survival of the plant or fruit in its
existing environment. Gas exchange supplies the plant cells with oxygen, essential for
respiration, and also provides for the removal of locally produced CO2. We have studied
gas exchange using the tracer gas sulphur-hexaﬂuoride (SF6). This gas is biologically inert
and its concentration can be measured on-line, on a time scale of minutes with a CO2-
laser based photoacoustic detection system. SF6 has a very strong absorption band in the
infrared wavelength region of the CO2 laser (Cox and Gnauck 1980); combined with the
extremely high detection sensitivity of the photoacoustic method (explained in chapter
2), it enables us to detect this gas to a dilution ratio of several parts per trillion (1:1012).
This trace gas can thus be applied at such low concentration levels that the natural system
is not disturbed.
Rice is the most important tropical cereal and is food for half the human population
(Purseglove 1976). The gas exchange properties of rice plants are crucial during growth in
the waterlogged paddy ﬁelds to supply oxygen to the roots (Armstrong et al. 1991). During
accidental high water levels also complete submergence occurs (in extreme conditions for a
few meters for several weeks). While the gas exchange is blocked, the plant tries to survive
by damage control at the cell level or by elongation of the leaves (Ram et al. 2001). Such
events threaten especially young rice. Under less severe, partly submerged conditions, the
gas exchange is hampered. As the water level rises, the plant experiences an increasing
diﬃculty to obtain suﬃcient oxygen from the air. During growth rice plants therefore
develop air channels (aerenchyma) for their oxygen transport, but in young seedlings these
are not yet developed. The aerenchyma are formed in the shoots as well as in the roots but
are not present in the leaves (Raskin and Kende 1983). In the leaf sheath Nouchi (1994)
found micro-pores and Raskin and Kende (1983) showed that an air layer over the leaves
provides a good gas transport which is at the adaxial side much larger than at the abaxial
side. Lee et al. (1980) measured the internal diﬀusion transport of seedlings at the root-
shoot transition zone. All these paths together determine the actual diﬀusion transport
through a seedling. Ram et al. (2001) examined the physiological diﬀerence between
submergence tolerant and intolerant rice cultivars, in chapter 3 the physical diﬀerence is
examined. For this, the tracer gas transport of rice seedlings is measured as a function of
1
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age and cultivar. The tracer gas SF6 is applied at the roots, in a specially designed cuvette
and the gas diﬀusion to the leaf tip is studied.
Apart from oxygen supply to the roots, essential to the rice plant, gas transport is
equally possible from the soil through the rice plant into the atmosphere. An example is
methane, produced in the soil. Due to the large area occupied by the rice crop in the world,
this methane release is substantial. In fact, the rice ﬁelds form the third largest human-
induced source of methane (next to fossil fuel and cattle). As methane is an important
greenhouse gas, this fact causes concern.
Methane release of rice ﬁelds is studied most often at single plant scale (Minoda and
Kimura 1996; Watanabe 1994). As the rice plant grows older, tillers separate from the
main stem and each individual tiller contributes to the total gas exchange of the plant.
The aerenchymas are fully developed by now, and the root-shoot transition zone forms the
largest obstruction to gas transport (Butterbach-Bahl et al. 1997). It therefore plays an
important role in the methane release by rice ﬁelds. Until now most attention has been
paid to the development and size of the aerenchymas but not much is known about the
root-shoot transition zone itself. Watanabe et al. (1994) report a larger emission by the
older shoots in a tiller, as compared to the younger ones. The gas transport by young
or old shoots in one tiller is not completely separated (transport in-between the shoots
is also important) and it uses the same area of the root-shoot transition zone. To study
the root-shoot transition zone, it is more interesting to compare the tillers among each
other. In chapter 4 the gas transport is studied over this root shoot transport barrier for
individual tillers as a function of tiller age and tiller position.
The capability of transporting oxygen from the atmosphere to the roots makes the
aerenchyma of the rice plant not only important for the plant itself, but also for aerobic
bacteria in the soil around the roots. Part of the oxygen diﬀuses from the root into the
soil. Deeper in the soil anaerobic methanogenic bacteria produce the methane which is
mainly released via the plant (Conrad 1993). The aerobic bacteria around the rice roots
oxidise part of this methane using the oxygen supplied by the plant. The estimates for
the oxidation eﬃciency of this oxidation process made in the literature vary from 5%
(Denier van der Gon and Neue 1996; Kru¨ger et al. 2001) to 90% (Butterbach-Bahl et al.
1997; Chanton et al. 1997; Frenzel et al. 1992). The problem is that there is no direct
experimental approach to quantify the oxidised CH4 fraction (Conrad 1993). In chapter
6, however, this eﬃciency is measured directly, with a new approach to the problem.
Isotope-replaced methane (13CH4) is supplied to the plant and the oxidised fraction is
determined by detecting both 13CH4 and
13CO2 sensitively in the headspace above the
plant. Additionally, the diﬀusion transport of 13CH4,
13CO2 and SF6 is followed and
modelled. The oxidised fraction of methane appears to be low, at most 7%.
The diﬀusion properties of SF6 in (water) saturated soil, however, are not known. In
water saturated soil the diﬀusion is determined by the diﬀusion coeﬃcient in water and by
the porosity of the soil. The empirical relations between the diﬀusion transport and the
porosity in literature show moderate agreement but another problem is that the diﬀusion
coeﬃcient of SF6 in water is not known. In chapter 5 the dynamic diﬀusion of SF6 through
water-saturated soil is determined.
3In the last two chapters the gas exchange of Conference pears is studied. Fruit in storage
rooms is metabolising to obtain energy for cell maintenance and as a result oxygen and CO2
are exchanged. The concentrations of these gases in the fruit determine diﬀerent processes
in the fruit. A too low oxygen concentration, for example, promotes fermentation, which is
unwanted. However, the only way to control these processes is by control of temperature
and the gas concentrations around the fruit. The gas exchange is determined by the
resistance to diﬀusion of the skin and the pulp in the fruit. Cameron and Yang (1982)
developed a method to determine the gas exchange resistance of the fruit skin under the
assumption that the pulp resistance is negligible, which is the case for apples. The skin
resistance of fruit with a high diﬀusion resistance in the pulp (like potatoes) can not be
measured with this method. Banks (1985) developed a method for such kinds of product.
Pears have a higher internal resistance than apples but instead of measuring the skin
resistance only we like to know the contribution of the internal diﬀusion resistance to gas
exchange. In other words we like to know the internal concentration gradient during gas
exchange, because a large concentration gradient implies that some cells are suﬃciently
provided with oxygen while others are not. The methods of Cameron and Yang (1982) and
Banks (1985) provide information about the skin resistance only. Rajapakse et al. (1990)
determined the internal concentration gradient by extracting gas samples from the core
and just below the fruit skin for Asian pears. He reports that 15 to 30% of the diﬀusion
resistance is caused by the pulp but the internal gas volume of the Asian pears is only 1.7
to 2.5% (the types of pears were Hosui and Kosui). In chapter 7 the time to exchange the
internal gas volume (the gas exchange time) is measured and used to obtain an indication
for the internal concentration gradient in Conference pears. The internal gas fraction of
these pears is about 5% (Calbo 1986). Subsequently, this is used to diﬀerentiate pears
according to ripening, origin (which orchard), and picking time.
In chapter 8, a method is provided to determine the internal diﬀusion resistance by
measuring a ﬂux through the fruit. We present a model, which describes the diﬀusion
processes through fruit. This model requires a detection method with a high sensitivity
and on-line gas detection. We ﬁnd, using our model, that the pulp resistance in Conference
pears contributes about 1% to the resistance for gas exchange.
In this thesis some general information about rice and pears is assumed to be known.
The next two sections contain additional information about rice and pears.
Rice
Rice (Oryza stativa L.) is grown all over the world, but it is assumed to originate from
India or Indochina, where a large variety of cultivars is found. It is a very old crop,
presumably over 5000 years old. It arrived in the Middle East, Japan and East Africa
a few centuries BC. The Portuguese and Spaniards took it to West Africa and Southern
America (Purseglove 1976).
Rice is a wet land crop, but some cultivars (rice types) are also grown in dry soil (up-
land). It is estimated that about 86% of the rice is produced in wetlands (Neue and Roger
1994, pp. 65-93). The rice varieties used in this thesis are all wetland varieties. A success-
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Figure 1.1: A schematic presentation of a rice plant.
ful wetland rice cultivation depends on an adequate inundation during the growing season.
The growing season starts after transplanting rice seedlings to a well soaked ﬁeld (paddy
ﬁeld) with little standing water. During growth the water layer is raised to about 15 to 30
cm, after ﬂowering the water is gradually reduced to obtain an almost dry ﬁeld at harvest.
The paddy ﬁelds may be drained temporarily to facilitate weeding and fertilising. About
1.5 to 2 m of annual rainfall is required to produce a good crop (Purseglove 1976).
The rice plant belongs to the family of grasses, and the stem or haulm, bearing leaves
and the ﬂower head, is known as the culm. The leaves are arranged in two rows alternating
on opposite sides of the culm. Following the ﬂat upper part of the leaf back to the culm,
one ﬁnds that the basal portion is cylindrical and that it arises at a node. The upper
extended part is the blade and the basal part is the sheath (ﬁg. 1.1). The latter closely
embraces the culm but is open along one side, with one margin overlapping the other. On
the inside of the leaf, at the junction of the sheath and the blade, at the point where the
latter diverges from the culm, is a thin whitish membranous outgrowth, the ligule (ﬁg. 1.1;
Hubbard 1954).
The young rice plant consists of one culm, the main stem. From this culm new culms
are formed, each producing their own culms when full-grown. The total of one culm with
5leaves is called a tiller (ﬁg. 1.1). Tillers are classiﬁed in primary, secondary, etc. tillers.
From the main stem the primary tillers emerge, from the primary tillers the secondary
tillers, etc. Rice plants can produce 10 to 30 tillers, the harvest yield per tiller is highest
for the main stem and the primary tillers (Counce et al. 1996).
The roots require oxygen for respiration. For wetland rice this oxygen is transported
from above, by diﬀusion through the tillers. In the tillers and the roots, air channels
(aerenchymas) are formed, enabling a good diﬀusion transport. Due to the oxygen con-
centration in the roots, part of this oxygen diﬀuses into the soil around the roots. This
region of aerated soil is called the rhizosphere (ﬁg. 1.1), which is typically 2 mm thick
(Bodegom et al. 2001).
Pears
In the last two chapters of this thesis the gas exchange of Conference pears (Pyrus com-
munis L.) is measured. During storage, fruit ripens and does maintenance to its cells. The
energy for these processes is supplied by respiration, which uses carbohydrates (sugars)
from the cells. The pear can respire by oxidative respiration (using oxygen) or fermenta-
tive respiration (when oxygen is lacking). The fruit switches between those two depending
on the internal oxygen concentration, but the oxidative respiration provides the most en-
ergy whereas the fermentative respiration is unwanted from a consumer’s perspective (it
gives a bad taste).
Respiration also reduces fruit storage time (Blanke 1991). Respiration can be reduced
by lowering the temperature and oxygen concentration in the storage room. The reduction
in temperature is limited to the freezing point below which frost damage would occur. For
pears the optimal storage temperature is about 1◦C (Schaik and Roelofs 1995). The lower
limit for the oxygen concentration is about 2 to 3% (Schaik and Roelofs 1995). At lower
concentrations the fermentative respiration will be activated.
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Chapter 2
Trace Gas Detection
2.1 Introduction
To monitor the gas emission from biological material a tracer gas is used. This is detected
by a laser-based photoacoustic detection system. The photoacoustic (PA) detection method
has already been described in detail in earlier work (Harren and Reuss 1997) and a brief
description will be given below with emphasis on the details that are relevant for the
rest of this thesis. The laser we use for part of the experiments is a sealed-oﬀ CO2-laser.
One disadvantage of this sealed-oﬀ system is that the lifetime of CO2, sealed-oﬀ in the
discharge tube of the laser, is limited (it is converted into other chemical compounds) and
as a consequence the laser power may drop to about half its original laser power. This has
consequences for the detection accuracy of the gases. In ﬁrst order absorption coeﬃcients
of gases are independent of the laser intensity, however in second order saturation or multi-
photon absorption may occur mainly due to the high intensity of the CO2-laser light. Thus,
the absorption strength of a molecule at a speciﬁc wavelength depends on the laser power
and therefore it has to be corrected for the change in laser intensity.
New in this thesis is, in the ﬁrst place, the use of SF6 as a tracer for gas transport
next to C2H4. The general properties of SF6 and C2H4 are given in the third section of
this chapter, together with their dependence of the (spectral) absorption coeﬃcients on
the laser intensity. The absorption of C2H4 shows power saturation, while SF6 shows a
multi-photon absorption pattern. A short evaluation about the possibility of detecting SF6
and C2H4 simultaneously is presented at the end of this section.
At the end of this chapter a summary of statistical terms (that appear regularly in this
thesis) is given.
2.2 The photoacoustic detection method
The photoacoustic detection of tracer gases is a sensitive, on-line, technique which al-
lows the detection of extremely low gas concentrations. The requirements for gases to
be detected with photoacoustics are that they possess a high absorption strength and a
characteristic absorption pattern in the wavelength region of the CO2-laser.
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Figure 2.1: The photo-acoustic set-up; a) the laser discharge tube, b) the (crosscut of
the) photo-acoustic cell, c) the chopper, d) the grating, e) the out coupling mirror and f)
the power meter.
The principle of the PA-detection is to apply spectral energy to a gas and measure
the energy absorbed by the gas. In our case, the infrared CO2-laser light passes through
a detection cell, thereby irradiating the gas sample. Infrared active molecules absorb the
photon energy and are excited into a higher rotational-vibrational state. Due to collisional
relaxation the excitation energy is converted into translational energy of the molecules,
i.e. heat. If the laser is interrupted periodically, this process induces a periodic change in
pressure, i.e. sound. In the conﬁned volume of the cell, and with an appropriate choice
of interruption frequency, this is well detectable with a microphone (Harren and Reuss
1997). By comparing the photoacoustic signals on various laser lines (at which the gas has
diﬀerent absorption strengths) the response of the gas can be distinguished from interfering
background signals that do not show such an absorption spectrum.
The PA-detection cell is placed inside the cavity of the CO2-laser, its construction is
shown in ﬁgure 2.1. The sealed-oﬀ CO2-laser discharge tube (a in ﬁg. 2.1) generates
the laser light. To the left side of the discharge tube the (cross-section of the) PA-cell
is shown (b in ﬁg. 2.1). The constriction in the middle is the acoustic resonator. The
laser beam is interrupted (to create the PA-signal) by a mechanical chopper, c. The laser
cavity is enclosed between an out coupling mirror positioned at position e and a grating at
position d. The mirror (reﬂectiveness of 98.4%) has a focal length of 27 cm to achieve an
optimal feedback into the discharge tube. The mirror itself is movable by a piezo element
in horizontal direction over the free spectral range of the cavity (for intensity optimisation
purposes). The laser intensity is measured with the power meter at the side of the out-
coupling mirror (f in ﬁg. 2.1); from the ratio of transmitted and reﬂected laser light the
laser intensity in the cavity is calculated. The home built power meter consists of a ten-fold
thermo pile detector of bismuth and gold. It is periodically calibrated by a commercial
power head.
2.2. THE PHOTOACOUSTIC DETECTION METHOD 9
2.2.1 CO2-laser
The water cooled CO2-laser has typically 90 laser lines in the infrared wavelength region (9-
11 µm) of the electro-magnetic spectrum. The gas in the laser discharge tube has a mixture
composed of CO2, N2 and He. The discharge through the laser gas excites the nitrogen
molecules into their ﬁrst vibrational level at about 2360 cm−1 above the vibrational ground
state. This level is close to the ν3 CO2 asymmetric stretching vibration; the CO2 molecules
are vibrationally excited through collisional energy transfer with the nitrogen molecules.
Stimulated emission from the ν3 to the ν2 and the ν1 CO2-vibration modes at 1390
cm−1 results in laser power (Witteman 1987). The ν2 and ν1 CO2-vibration modes are
deactivated to the ground state by collisions between CO2 and He atoms.
The sealed-oﬀ discharge tube (50 cm long) has a 0.2 litre internal gas volume and is
ﬁlled with a premixed gas mixture at a pressure of 25 mbar and sealed with an o-ring tap
(Lauwers-Hapert). The laser can work for about 12 days continuously on the 12CO2-laser
gas mixture (65% He; 22% N2; 13%
12CO2) until its gain drops below the laser threshold.
A laser gas mixture containing 13CO2 (65% He; 19% N2; 13%
13CO2; 3% Xe) was also
available, providing laser radiation shifted 46.6 cm−1 to the red compared to the 12CO2-
laser lines. Xenon was added to this 13CO2-laser gas mixture as it is supposed to extend
the lifetime of the laser gas (although this assumption has not been tested in the course of
the experiments in this thesis).
The CO2-laser typically generates 60 watt of intra-cavity laser intensity (depending on
the selected laser frequency). A speciﬁc laser line is selected by a grating (d in ﬁg. 2.1) by
rotating it with a step-motor. The grating is blazed at 10,6 µm and has 150 lines per mm.
2.2.2 Photoacoustic Cell
Gas from the experiments is led through the photoacoustic detection cell to be irradiated
by the laser light. The light enters the cell via ZnSe windows at Brewsters angle. The pho-
toacoustic cell has a cylindrical constriction, acting as an acoustical resonator to enhance
the detection by the microphone. The resonator in the cell, through which the laser beam
is directed, is 10 cm long with a diameter of 9 mm. It is gold coated to reduce background
signal from laser absorption at the (resonator) walls. If the laser is chopped at its reso-
nance frequency, an acoustic standing wave will build up in the resonator, which will be
detected by the microphone. The resonance frequency of the cell is 1200 Hz (the frequency
is reduced due to the presence of the microphone, Bijnen et al. 1996). The microphone is
positioned in the middle of the resonator, at the position of the maximum sound ampli-
tude. Buﬀers are added (5 cm in diameter and 3.7 cm long) at each end of the resonator to
reduce acoustic signals due to the absorption of laser light in the ZnSe windows (ﬁg. 2.1).
Additional reduction of the window signal was achieved by two tuneable pistons positioned
in-between the window and the buﬀer (perpendicular to the laser beam). Each of them
creates an acoustic cavity that eliminates the sound from the window (Bijnen et al. 1996).
The gas enters the photoacoustic cell in the middle of the resonator and leaves the
cell via the buﬀers (to reduce ﬂushing time, the ﬂushing volume of the PA-cell is only 2
ml). Both gas entrance and exit are equipped with notch ﬁlters, reducing the background
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sounds.
2.2.3 Trace gas concentration calculation
The signal from the microphone in the PA-cell is fed into a lock-in ampliﬁer (together with
the reference signal from the chopper), producing a DC-signal for the datalogger (DAS
1600). The datalogger also collects the DC-signal from the power meter, both are sent to
the computer.
The gas concentration is calculated from PA-signals collected at diﬀerent laser lines.
The PA-signals are collected with an automated sequence. This sequence starts with the
power optimisation of the ﬁrst laser line by optimising the cavity length with the piezo-
electric element (it could move the out-coupling mirror over about 5 µm). After that,
the lock-in and power meter signal are stored. Then the grating was rotated to the next
laser line. The laser power is again optimised and the lock-in and power meter signals are
collected by the computer. At the end of the sequence the gas concentrations are calculated
and stored. A complete sequence over 3 laser lines takes about one minute. The process
can be repeated as many times as necessary.
For the calculation of the gas concentration from the lock-in and power meter signals at
the diﬀerent laser lines, the absorption coeﬃcients of the gases at the diﬀerent laser lines
are required. The PA-signal (S) is linearly proportional (without considering saturation
and multi-photon adsorption) to the laser power (P ), the absorption coeﬃcient (α) and
the concentration of the absorbing gas (C):
S = R PαC
with R being the cell response factor, that needs to be determined by a calibration mea-
surement. Its value is a measure for the resonator quality of the cell. The absorption
coeﬃcients of the gas at the speciﬁc laser lines are known (or measured before the experi-
ment). If more than one absorbing gas is present in the PA-cell the concentrations can be
calculated from the measured signals at a number of laser lines. The PA-signals, values of
laser power, concentrations and absorption coeﬃcients at the diﬀerent laser lines result in
a set of linear equations. In matrix notation we have:

C1
C2
...

 = 1
R


α1a
α2a
...
α1b
α2b
...
· · ·
· · ·
. . .


−1 

Sa
Pa
Sb
Pb
...

 (2.1)
where Ci is the concentration of gas i, αij the absorption coeﬃcient of gas i at laser line j
and
Sj
Pj
the PA-signal (mV) divided by the laser power (Watt) at laser line j.
The measured PA-signals always contain a background signal (an in-phase acoustic
signal generated by the windows, the walls etc. of the resonator), which is especially
important at low trace gas concentrations. In our calculation of the trace gas concentration
the background signal is treated as an imaginary absorbing gas having an absorption
coeﬃcient of 1 atm−1cm−1 at all laser lines. The number of laser lines used in the measuring
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sequence depends on the number of gases in the PA-cell (which absorb the CO2-laser light).
One must at least use as many lines as there are (expected) gases to be detected (including
the background). In other words, the matrix with the absorption coeﬃcients (eq. 2.1)
must at least be square. Note that adding more laser lines is only useful if the absorptions
at these lines show a ’new’ pattern.
Prior to a measurement the PA-detector was calibrated with a certiﬁed gas mixture.
An SF6-mixture of 3.1 ppm (Scott Specialty Gas, Certiﬁed Master Gas, with an analytical
accuracy of ±2%) was used and diluted to a measurable concentration. Dilution was
needed due to the extremely strong absorption of laser radiation by SF6 and a subsequential
depletion of laser power at concentrations of the pure calibration mixture. A certiﬁed gas
mixture with a SF6 concentration below 1 ppm was not commercially available.
A calibration started with ﬂushing the PA-cell with a clean non-absorbing gas (N2 or
air) and the pistons at the windows were adjusted to the lowest background signal. Sub-
sequently, the diluted certiﬁed gas mixture was ﬂushed through the cell and the resonance
frequency of the PA-cell optimised. The cell response factor (R) in the computer sampling
program was then calculated from the measured signal and the known concentration.
Inherent errors in concentration evaluation
The PA-signals and the determined absorption coeﬃcients contain measurement errors.
These errors determine the accuracy of the calculated concentration. The structure of the
absorption coeﬃcient matrix (eq. 2.1) is important for this accuracy.
Equation 2.1 can be written as:
C = R−1 ×A−1 × SP
where SP is the vector containing the PA-signals divided by laser power (
Sj
Pj
) and A the
absorption coeﬃcient matrix (vectors and matrix are indicated with bold presentation).
If the determined absorption coeﬃcients are put into A˜ (the tilde indicates that it is a
measured quantity, containing an error), the measured signal-to-power ratios in S˜P and
the theoretical values (without error) in A and SP , an estimate of the deviation of the
calculated concentrations Cc from the real concentrations Cr in the PA-cell (and thus of
the measurement error) is given by (Axelsson 1994):
‖Cr−Cc‖
‖Cr‖ 
κ
1−
∥∥∥A−1 × (A˜−A)∥∥∥


∥∥∥A˜−A∥∥∥
‖A‖ +
∥∥∥S˜P − SP∥∥∥
‖SP‖

 . (2.2)
The ‖ ‖ indicate the norm of the vector or matrix (’length’ or absolute value of the vector
or matrix) and
κ = ‖A‖ ∥∥A−1∥∥
being the condition number in the calculation. In general, the term
∥∥∥A−1 × (A˜−A)∥∥∥ is
small so the denumerator in equation 2.2 is practically 1. The term ‖Cr−Cc‖‖Cr‖ in equation
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2.2 is the relative error in the measured concentration. Between the brackets we have
the sum of the relative measuring errors of the absorption coeﬃcients and the signal-to-
power ratios. We see that κ, the condition number, is the ampliﬁcation factor for the
measurement errors. The condition number is always  1 (the error can not be lower than
the measurement error), 1 is reached for a perfect orthogonal matrix A. Usually, however,
κ is larger than 1. For very unfavourable choices of the coeﬃcients in A (with heavily
interdependent coeﬃcients, to be discussed later) κ can be very large. In this case we have
an ill-conditioned system.
2.3 Detection of SF6 and C2H4
2.3.1 SF6
Sulphur hexaﬂuoride (SF6) is a trace gas in the atmosphere believed to be produced en-
tirely anthropogenically. SF6 has a high chemical stability and is able to impede electrical
shortcuts by electron attachment (Hunter et al. 1989). It is therefore widely used as an
insulating gas in high-voltage electrical and electronic equipment such as circuit breaks,
capacitors, transformers and microwave components (Rinsland 1990). It enters the atmo-
sphere due to leakage and accidents with this equipment. The atmospheric residence time
has been estimated to be 3,200 years (Schneider 1998), since there are no known sinks in
the troposphere and SF6 is transparent to UV photolysis in the stratosphere. Destruc-
tion of SF6 probably occurs above 50 km by electron capture and photolysis with extreme
UV-photons in the ionosphere.
The SF6 concentration has increased two orders of magnitude from 0.03 ppt (1 ppt
= 1 : 1012) in 1970 to a global mean value of 3 ppt at the end of 1993 (Maiss et al. 1996).
This dramatic increase brought SF6 into the climatic impact discussion, since the relative
global warming potential (radiative forcing) of SF6 is 23,900 times as high as that of CO2
(Schneider 1998).
Apart from the global warming potential, SF6 is harmless. It is non-toxic and non-
ﬂammable (Gas Encyclopaedia 1976). Inhaling large quantities appears to be harmless
since it is used to measure the eﬀect of dense air breathing by dogs (Martin et al. 1972)
and as a tracer for methane production in living cows (Johnson et al. 1994). In the latter
study no eﬀect of SF6 on the methane producing bacteria in the cow rumen is observed.
In chapter 6, SF6 is used as a tracer of methane oxidation in soil. Like in cow rumen
we assume that the presence of SF6 in the soil does not eﬀect the methane production but
inhibitors for methane oxidation are characterised by containing ﬂuoride in the molecule
(see chapter 6). SF6 may therefore be an inhibitor for methane oxidation. Inhibition,
however, depends strongly on the molecule structure. SF6 does not resemble the inhibitors
mentioned in chapter 6 in structure. Therefore, SF6 is not likely to be an inhibitor for
methane oxidation, SF6 is biologically inert.
SF6 appears to be an ideal tracer gas in our studies, all the more it has extremely
strong (spectral) absorption strengths at the CO2-laser frequencies. The Q-band of the
ν3-vibrational transition of SF6 has a band centre at 947.9 cm
−1. At atmospheric pressure
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a large number of rotational lines of this band overlap with the CO2-laser line at 947.74
cm−1 (10P16) resulting in a high absorption strength on the 10P-band of the 12CO2-laser.
The detection range of SF6 by the photoacoustic system is between 0.005 and 400 ppb (at
higher concentrations the gain of the CO2-laser is aﬀected). SF6 is used as a tracer gas for
diﬀusion in most experiments in this thesis.
2.3.2 C2H4
C2H4 (ethylene) is a generally known plant hormone and is produced by the plant as
a result of stress, wilting or ripening (in case of fruit). By applying C2H4 to certain
fruits (climacteric fruit) ripening is stimulated, applying it to ﬂowers stimulates wilting
(Abeles et al. 1992). Furthermore, C2H4 stimulates shoot elongation in submerged Rumex
plants (Voesenek et al. 1992) and inhibits methane oxidation (chapter 6) in the rhizosphere
(Sprott et al. 1982).
C2H4 has a high (spectral) absorption coeﬃcient at the 10P14 CO2-laser line (although
10 times lower than that of SF6 at 10P16). The development of the CO2-laser based photoa-
coustic method, therefore, greatly enhanced the detection of ethylene (Harren and Reuss
1997). Photoacoustics lowered the detection range to sub-ppb level (compared to tens of
ppb levels of the gas-chromatograph) and the typical on-line detection scheme of photoa-
coustics (compared to the batch-wise sampling of the gas-chromatograph) simpliﬁed the
detection of changes in ethylene emission by fruit or plants.
In this thesis, C2H4 is used as a tracer to determine gas diﬀusion through soil (chapter
5), which enabled the establishment of the SF6-diﬀusion coeﬃcient in water. However, due
to its inﬂuence on plant growth and bacterial activity it is not advisable to use it as a
diﬀusion tracer in living biological systems.
2.3.3 Light absorption of SF6 and C2H4
Power saturation
Within the photoacoustic detection scheme excited molecules relax to the ground state
losing their excess energy in collisions with other molecules. The photoacoustic signal
originates from this relaxation. By increasing the laser intensity the excitation pumping
rate of the molecules is increased and the chance that a molecule absorbs a next photon,
grows before it relaxes to the ground state. The excitation energy of the molecule is then
released by emitting a photon (stimulated emission). Eﬀectively, the gas becomes more
’transparent’ for the laser radiation and the eﬀective absorption coeﬃcient, per unit laser
power, is lowered: this is called laser power saturation.
The relation of the eﬀective absorption coeﬃcient αe to the intrinsic absorption coeﬃ-
cient α0 (cm
−1atm−1) is given by:
αe =
α0
1 + σP
(2.3)
where σP is equal to the laser power saturation parameter S (Demtro¨der 1993) and P the
intra-cavity laser power (W). The value for σ (W−1) a measure for the relaxation rate.
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Figure 2.2: Multi-photon absorption scheme in a vibrational ladder (after
Eberly and Lambropoulos 1978).
The value of the saturation parameter depends on the properties of the molecule, gas
composition and intensity distribution in the laser beam. It therefore depends on the
conﬁguration of the set-up. The absorption coeﬃcients of C2H4 are aﬀected by power
saturation.
Multi-photon absorption
From equation 2.3 we see that an absorption coeﬃcient in saturation is always reduced as σ
and P are always positive. Another process that aﬀects the absorption coeﬃcient is multi-
photon absorption. SF6 exhibits multi-photon absorption. Multi-photon absorption in SF6
is a non-linear process which is characterised by a red shift in the absorption strength at
higher laser intensity (Eberly and Lambropoulos 1978). When power increases transitions
occur higher up in the vibrational ladder (ﬁg. 2.2), and the red shift is caused by the
reduction of energy level spacing there. The absorption coeﬃcients of the molecule therefore
increase at the red shifted side of the band centre (of the laser frequency) and decrease at
the blue shifted side. We have no simple mathematical expression to describe the relation
between the absorption coeﬃcients and laser intensity for multi-photon absorption.
2.3.4 Results
Noise on the SF6 concentration signal
Due to the strong absorption coeﬃcients of SF6 at the CO2-laser lines the detection limit
is low. Calibrating the system with a gas mixture of 100 ppb SF6 and subsequently
guiding clean nitrogen through the PA-cell results in the measured trend in ﬁgure 2.3.
This measurement was done overnight, the measured background noise level is about 5 ppt
(parts per trillion =1:1012). The long term drift (due to temperature) was about 25 ppt.
The ﬂow through the PA-cell was 1 l/h and the 10P16 and 10P10 laser lines were used.
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Figure 2.3: The noise on the SF6 concentration signal measured overnight. The drift is
caused by temperature.
Saturation of ethylene
The power saturation of ethylene measured in our photoacoustic set-up is presented in ﬁgure
2.4. The measured PA-signal per Watt (laser power) of ethylene is given as a function of
laser power (without saturation all lines would be horizontal). We see that the absorption
decreases with power on all laser lines. A semi-log plot is used to visualise this also for the
weaker (absorbing) laser lines, the apparent linear relation with laser power becomes here
slightly misleading (see eq. 2.3). The power saturation model ﬁts the measurements well
(solid lines). The saturation coeﬃcients used in the ﬁts, for the given conﬁguration of our
experimental set-up, are given in the table 2.1. Power saturation does not depend on the
gas concentration in the PA-cell.
Multi-photon absorption of SF6
The PA-signal per Watt plotted versus laser power is presented for SF6 in ﬁgure 2.5. We
see that, in contrast to the C2H4-measurements in ﬁgure 2.4, the dependence of the signal
to power ratio for SF6 is not constant and rises as well as it falls with laser intensity. Power
saturation can therefore not explain the change in absorption strength for SF6.
When plotting the absorption coeﬃcients of SF6 versus the laser frequency, the overall
red shift becomes visible (ﬁg. 2.6). From the red shift we see that the power dependence
of the SF6 absorption coeﬃcients comes from multi-photon absorption. V.S. Letokhov
(Eberly and Lambropoulos 1978) measured multi-photon absorption of SF6 at these CO2-
laser lines using higher laser power (from a pulsed CO2-laser), and he found no intensity
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Figure 2.4: PA-cell response per Watt for ethylene in the PA-cell as a function of
intra-cavity laser power. The solid lines are the ﬁts using eq. 2.3 to ﬁnd the saturation
parameters.
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Figure 2.5: The PA-signal of SF6 per Watt versus the intra-cavity laser power for the
CO2-laser lines 10P10 to 10P30. The ﬁts are made with a mathematical expression similar
to eq. 2.3.
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Table 2.1: Ethylene saturation coeﬃcients for CO2-laser lines. The errors are obtained
from the ﬁt of the saturation model.
12CO2-Laser line σC2H4 (×10−3 in W−1)
10P08 5.6± 0.4
10P10 9.8± 0.4
10P12 8.9± 0.3
10P14 19.3± 0.6
10P16 9.9± 0.3
10P18 7.8± 0.3
10P20 8.9± 0.3
threshold for the multi-photon processes. Multi-photon absorption may therefore occur at
our laser intensities as well.
A remarkable reduction in the absorption on the 10P16 laser line is found (ﬁg. 2.6). At
100 Watt the absorption on the 10P16 line becomes equal to the absorption at the 10P18
and 10P20 laser lines. The lines used for SF6-detection were mostly the 10P16 and the
10P12 (the reference line).
In the measurements, the absorption coeﬃcients have to be corrected for the change
in absorption strength. For multi-photon absorption we have no mathematical expression,
therefore, the measurements were ﬁtted using a mathematical expression similar to equa-
tion 2.3. However it should be stressed that σ now has no physical meaning (therefore
indicated as σ∗), and that it may turn negative. The ﬁts are presented as lines in ﬁgure
2.5. They are not perfect ﬁts, especially not at low laser power. The multi-photon cor-
rection parameters are given in table 2.2 for some of the CO2-laser lines. Note that the
multi-photon correction factors for SF6 absorption become negative for the CO2-laser lines
10P24 to 10P30 (ﬁg. 2.5) which, are not shown in table 2.2.
Table 2.2: SF6 multi-photon correction factors, σ∗, using a mathematical expression
similar to eq. 2.3. The errors are obtained from the ﬁts
12CO2-Laser line σ
∗
SF6
(×10−3 in W−1)
10P08 9.7± 0.9
10P10 7.8± 0.2
10P12 23.5± 0.5
10P14 21.1± 0.3
10P16 30.1± 0.4
10P18 23.6± 0.6
10P20 11.6± 0.8
18 CHAPTER 2. TRACE GAS DETECTION
    





	

	


	


	


	

	


	


	


	


	


	


	





	





	





	





	





	



 	



	
















	


	

 

	

Figure 2.6: Power dependence of the SF6 absorption coeﬃcient. The graph shows SF6
absorption at intra-cavity laser intensity with a 20 Watt interval. The labels indicate the
CO2-laser line. The 1 Watt data are obtained from the literature (Cox and Gnauck 1980).
Simultaneous detection SF6 and C2H4
For the simultaneous detection of SF6 and C2H4, three laser lines have to be selected: One
where SF6 has a strong absorption, one where C2H4 has a strong absorption and one where
both have low absorption (to determine the background). In an experiment to measure
SF6 and C2H4 the laser lines 10P16, 10P14 and 10P10 are used. The composition of the
matrix A, containing the absorption coeﬃcients, is explained in equation 2.1. The eﬀective
absorption coeﬃcients for SF6 and ethylene are given in the Appendix (at a speciﬁc laser
power). The ’absorption coeﬃcients’ of the background are taken as αbg = 1 atm
−1cm−1.
If we assume a relative error of 1% in the coeﬃcients of A˜ and S˜P we get for the relative
error in equation 2.2:
‖Cr−Cc‖
‖Cr‖  10.3.
The condition number, κ, of this linear system is 516 (absorption coeﬃcients are given
in the Appendix, and 516 × (0.01 + 0.01) = 10.3). We see that the relative error in the
concentration measurement is about 1000%! Clearly, this is an example of an ill-conditioned
system.
The condition number κ, however, is heavily inﬂuenced by our arbitrary choice of
αbk = 1 atm
−1cm−1. Changing this to the optimal value of 70 atm−1cm−1 (which is allowed,
since the calculated background ’concentration’ has no meaning), κ can be reduced from
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Figure 2.7: A measurement in which the SF6 and C2H4 concentrations are determined,
at various known concentrations. The solid line is the input concentration of C2H4, the
dashed line is the input concentration of SF6. In the left graph (A) the SF6 () and C2H4
(◦) concentrations are calculated using κ = 516 in the right graph (B) using κ = 23.
516 to 23. The calculated residual error is now:
‖Cr−Cc‖
‖Cr‖  0.46
which is much better, but still gives 50% relative error in the concentration. Note that κ
is not the experimental error but the ampliﬁcation factor of the experimental error in the
concentration calculation.
A measurement in which both the SF6 and C2H4 concentrations are varied in a known
way, is shown in ﬁgure 2.7. The photoacoustic set-up is calibrated for each gas individually
(SF6 and C2H4) before this experiment. The measured concentration is calculated using
equation 2.1 (from the PA-signal and CO2-laser power) for the situation κ = 516 (αbk = 1
atm−1cm−1) in ﬁgure 2.7A and for κ = 23 (αbk = 70 atm−1cm−1) in ﬁgure 2.7B. A
considerable improvement in the calculation of the C2H4 concentration is found for κ = 23.
Still, simultaneous measurement of SF6 and C2H4 mixtures remains problematic.
2.3.5 Conclusions
Using a sealed-oﬀ 12CO2-laser for the (separate) detection of C2H4 and SF6 requires cor-
rections to the absorption coeﬃcients for the change in laser power. The power saturation
model is applicable to the C2H4-measurements. For SF6 the absorption coeﬃcients are
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aﬀected by multi-photon absorption, but using an empirical model the SF6 absorption
coeﬃcients can be corrected satisfactorily. This correction is best at high laser intensities.
Simultaneous detection of SF6 and C2H4 is problematic with CO2-laser based photoa-
coustics. Even under optimal settings the accuracy remains poor.
2.4 Statistics
In this thesis some standard statistical methods are used to investigate the relations be-
tween two parameters. Linear regressions as a function of one parameter were made by
the ’least squares’ method (for the error in the ﬁt parameter the standard deviation is
used). The quality of the linear ﬁt is given by the signiﬁcance, P. Throughout this thesis,
regression lines are only plotted (in a graph) if the trend is signiﬁcant. The signiﬁcance is
calculated with the ANOVA procedure (Cox and Hinkley 1974) and the signiﬁcance level
by which a hypothesis is adopted is taken at 0.05 (the chance the adopted hypothesis is
wrong). The error in an average value is estimated with the standard deviation unless
given otherwise.
The Student t-test (testing on two tails with equal variances) was used on data sets.
It results in a chance P. The value of P is the chance the two sets of results were not
signiﬁcantly diﬀerent. A signiﬁcance level of P< 0.05 is used (5% chance the results are
not diﬀerent).
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Appendix
The eﬀective (saturation and multi-photon absorption included) absorption coeﬃcients of
SF6 and C2H4, used in the experiment of simultaneous SF6 and C2H4 detection (CO2-laser
intensity was 60 W) are given in the second and third column of table 2.3.
Table 2.3: The spectral absorption coeﬃcients of SF6 and C2H4. In the second and third
column the values used in the experiment are given, the fourth and ﬁfth column contain
the values from literature (Cox and Gnauck (1980) for SF6 and Mayer et al. (1978) for
C2H4).
12CO2-Laser line αSF6 eﬀective αC2H4 eﬀective αSF6 from lit. αC2H4 from lit.
(atm−1cm−1) (atm−1cm−1) (atm−1cm−1) (atm−1cm−1)
10P16 390 6.7 638 5.45
10p14 210 31.4 323 32.14
10p12 112 5.7 188 4.33
10p10 13.0 5.6 10.5 3.09
10p08 7.3 3.8 3.05
The spectral absorption coeﬃcients for SF6 and C2H4 from literature are given in the
fourth and ﬁfth column of table 2.3. A 0.3 to 1.5 Watt CO2-laser power was used to
determine the SF6 absorption coeﬃcients (Cox and Gnauck 1980) Their values are also
shown as the 1 Watt absorption spectrum in ﬁgure 2.6. The spectral absorption coeﬃcients
of C2H4 are measured by Mayer et al. (1978) who used a 0.1 Watt CO2-laser.
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Gas Transport by Inundated Rice Seedlings
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Abstract
Among lowland rice varieties there is a diﬀerence in the ability to survive ﬂooding. It is
essential for a lowland rice seedling to be able to transport gas from the part above the
water to its roots. For diﬀerent varieties this transport may be aﬀected by inundation in
diﬀerent ways. One ﬂooding resistant and one high yield variety (less ﬂooding resistant)
were used for measurements in determining the transport ability, the change in transport
ability under aerobic and anaerobic conditions and the change in transport ability under
repeated inundations. As it appeared, no diﬀerence between the varieties was observed.
The transport mainly depended on the leaf selected. It was concluded that a newly pro-
duced leaf has a speciﬁc conductance which decreases in time, while a young leaf has a
better gas transport than each of the older leaves.
3.1 Introduction
In rain-fed lowland rice paddies, young rice seedlings are threatened by ﬂooding events.
Under normal conditions rice plants obtain their oxygen and CO2 from the atmosphere via
their shoots. If ﬂooded this supply is cut oﬀ; the chance of survival then depends on rice
cultivar and environmental conditions.
In the rice plant the roots, tillers and leaf sheaths have internal air channels (aerenchy-
ma), which continuously transport gas by diﬀusion up and down the plant (Barber et al.
23
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1962; Lee et al. 1981). The leaf blades of rice plants, however, do not have aerenchyma,
and when the plants are ﬂooded up to their leaves gas transport occurs through a thin air
layer over the leaf blades (Raskin and Kende 1983). Due to this diﬀerence in mechanism
the leaf sheath can transport about 7 times more gas than the leaf blade (Nouchi 1994).
At the transition from the leaf sheath to the leaf blade the ligule is positioned, here the
aerenchyma of the leaf sheath end. Gas supply to the roots will critically depend on the
water level: whether it is above or below the ligule.
A diﬀerence in gas transport between upland and lowland rice varieties is found (mea-
sured below the leaf blades), but not among the lowland varieties themselves (Lee et al.
1981). In this chapter, plants of lowland ﬂooding resistant (FR13A) and lowland high
yielding (CT6241) varieties are submerged up to the major part of their leaves and the in
vivo gas transport of individual leaves is determined. The hypothesis is that the diﬀerences
in ﬂooding resistance correlate with gas transport capabilities.
3.2 Materials and method
3.2.1 Plants
The rice seedlings (Oriza stativa) were grown in a hydroculture in the lab. The composition
of the nutrient solution is given in table 3.1, it is mainly based on the nutrient solution
used by Yoshida et al. (1976). The nutrient solution used for the plants was refreshed
every three days. The light was supplied by tube lights with a chlorophyll spectrum at a
day-night cycle of 12/12 hours. The temperature in the lab was 21 ± 2◦C. The cultivars
used in the experiments were FR13A and CT6241, from now on referred to as FR and CT,
respectively.
The age of the seedlings varied between 2 and 4 weeks. Plants of two weeks old usually
Table 3.1: The composition of the nutrient solution used for breeding the rice seedlings.
It is mainly based on the composition used by Yoshida et al. (1976).
Component mg/l
NaH2PO4 49.92
NH4NO3 114.4
CaCl2·2H2O 147
K2SO4 88.9
MgSO4·7H2O 699.5
MnCl2·4H2O 1.88
H3BO3 1.17
CuSO4·5H2O 0.038
ZnSO4·7H2O 0.044
(NH4)6Mo7O24·4H2O 0.092
Fe·EDTA 132.2
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had two leaves, the plants of 4 weeks four leaves. To deﬁne the development change of
the leaf blade we deﬁne a successive and inverse leaf order. The successive leaf order was
determined by assigning the oldest leaf of the plants to be leaf 1, the next oldest, leaf 2,
etc. For the inverse leaf order the youngest leaf is assigned to be leaf 1, the next youngest
leaf 2, etc. Inverse order implies that every time a new leaf is formed, the other leaves are
renumbered.
3.2.2 Experimental Set-up
Seedlings of the two cultivars were accommodated in a cuvette consisting of a bottom part
(760 ml) and an open top part (∅ = 10 cm and 30 cm high) separated from each other by
a metal plate (ﬁg. 3.1). Through a hole in the metal plate the rice seedlings were inserted.
The plant was gently sealed with Terostat-IX (Teroson) to the metal plate.
The bottom part was completely ﬁlled with cold water from which the dissolved gases
had been removed by boiling. The metal plate with the plant is placed on top of the
bottom part and ﬁxed with screws. Then the top part was attached and gently the top
part of the cuvette was ﬁlled with cold (boiled) water too, until the plant was completely
submerged.
The emission of the topmost centimetre of the leaf was measured. An open sampling
cap in which the water level was controlled by the excess ﬂow exhaust was placed over a
leaf tip (ﬁg. 3.1). The submergence depth of the exhaust in a beaker determined the water
level in the cap over the leaf tip. A ﬂow controller (FC) and pump behind the PA-detector
regulated the airﬂow through the system. The ﬂow was set to φ = 1 or 1.5 l/h of nitrogen
or air. Naﬁon (Perma Pure Inc.) tubing removed the water vapour from the airﬂow.
To trace transport, SF6 gas is dissolved in the water of the bottom part. SF6 is a biolog-
ically inert gas, detectable on-line with the photoacoustic (PA) detector which has a high
sensitivity for SF6 (to about 5 parts per trillion). The water in the bottom part was contin-
uously stirred with a magnetic stirrer. The solubility of SF6 in water at room temperature
is 6.32 ml/l. Although care was taken to prevent harming the plants during setting up,
a considerable amount of plants did not transport gas at all. These measurements were
excluded from the results.
3.2.3 Conductance parameter
A diﬀusion ﬂux through a plant depends on the concentration gradient over the plant,
the plant’s length and cross section. According to Fick’s law we ﬁnd for the steady state
diﬀusion gas ﬂux F (m3/sec):
F =
AD∆C
l
with A the plant cross section area (m2), D the diﬀusion coeﬃcient of SF6 in air (D =
1.06 × 10−5 m2/sec at T= 25◦C; Borchers et al. 1969), ∆C the concentration diﬀerence
over the seedling and l the diﬀusion length (m) through the seedling. This ﬂux F of the
inert tracer gas SF6 emitted by the plant is equal to the product of the carrier ﬂow φ, and
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SF6
Pump
Air or N2
Hh
h h
FCPA Detector
Nafion tube
Figure 3.1: Set-up for the gas transport measurements. Either air or nitrogen was used
to measure the gas transport. The water level in the (leaf) cap was lowered by submerging
the excess ﬂow exhaust (left). Before SF6 detection the water vapour was removed by
naﬁon tubing. The pump and ﬂow controller (FC) regulated the ﬂow through the system.
the fractional SF6 concentration in this ﬂow CPA, because all the SF6 emitted by the plant
mixed with the carrier ﬂow.
Goal of this experiment is to compare the gas transport characteristics of diﬀerent rice
species. We are not interested in the diﬀusion length and cross sections of the individual
plants as such. Furthermore, ’the’ cross section of a plant in fact changes with height.
Therefore we introduce the conductance parameter τ :
τ =
DA
l
=
F
∆C
(3.1)
being the ﬂux scaled to the concentration gradient. This conductance parameter is used
to compare the gas transport among the diﬀerent rice plants. Note that τ depends on the
type of tracer gas used through its diﬀusion coeﬃcient D.
3.3 Results
3.3.1 Introductory experiments
Our ﬁrst experiments served as tests to ascertain that our experiments indeed analyse the
gas transport through the air layer over the leaf, and not transport through the water itself.
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Figure 3.2: Eﬀects of detergent addition to the headspace water on the SF6 emission by
a young leaf. At t = 0 h the SF6 is injected in the bottom part. A half hour later detergent
is added for the ﬁrst time, the transport decreased temporarily. A second addition (at
t = 1.3 h) blocked the emission. After replacing the water in the head space the emission
recovered.
Raskin and Kende (1983) showed that the gas transport through the inner part of the leaf
blade was negligible compared to the transport through the air layer over the leaf blade.
To inhibit the transport through the air layer, this layer is removed by adding detergent
to the water. The conductance of an FR seedling was measured and then detergent (2 ml
10% SDS; Sodium dodecyl sulphate, Merck) was added to the water in the top part (ﬁg.
3.2). After the ﬁrst addition the conductance dropped but recovered and only after the
second addition the conductance ceased completely. This shows that no SF6 was trans-
ported through the water. Replacing the water in the top part (maintaining submergence)
by fresh water made the conductance return to its original level, so the wax layer over the
leaf was not damaged.
3.3.2 Leaf conductance
The leaf conductance of twelve seedlings was measured and plotted against the successive
leaf order in ﬁgure 3.3A and the inverse leaf order in ﬁgure 3.3B. No diﬀerence in conduc-
tance between the plants of the FR variety () and CT variety (◦) (ﬁg. 3.3B) is observed.
A plant produced about one leaf every week so the oldest leaves in the older plants were
older than the leaves in the younger plants. The ages of the leaves will then not correspond
with the labels when the successive leaf order is used. This is overcome by using the
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Figure 3.3: The logarithm of the conductance τ of rice seedling leaves is plotted versus
successive leaf order (A) and the inverse leaf order (B). Plants of the FR variety are
indicated with  the plants of the CT variety are indicated with ◦. The dashed line (in
B) is the regression line (P< 0.05).
inverse successive leaf order for labelling the leaves. The correlation between conductance
and inverse leaf order is signiﬁcant (P< 0.05, ﬁg. 3.3B) and better than that between the
conductance and the successive leaf order (ﬁg. 3.3A). This indicates that newly developed
leaves initially have a high conductance and that this conductance decreases when the next
leaf is developed. In the following experiments the inverse successive leaf order is used to
number the leaves.
According to equation 3.1 we would expect a reciprocal dependence of the conductance
on the diﬀusion length. Conductance measurements performed at the leaves versus the
reciprocal diﬀusion length through the seedling (excluding the root length) are plotted in
ﬁgure 3.4. It shows no trend, therefore the conductance is independent of the diﬀusion
length and the leaf resistance does not determine the conductance. Using the reciprocal
of the leaf blade length instead of the plant length (leaf blade and leaf sheath) does not
produce a trend either in ﬁgure 3.4. Apparently the gas transport is restricted at the
ligules.
The gas emitted by the plant experiences two other resistances, the root epidermis
and/or the root shoot transition zone (at least in older rice plants). These resistances
are not dominating either, because in that case no diﬀerence in transport between leaves
would be found. The diﬀusion resistance in the root shoot transition zone (of older plants)
is investigated in the next chapter.
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Figure 3.4: Conductance of leaf 1 () leaf 2 (◦) and leaf 3 (*) (inverse leaf order) versus
the reciprocal diﬀusion length through the seedling (both varieties).
3.3.3 Applying anoxic stress
Completely submerged plants, in contrast with partly submerged plants, are deprived of
oxygen and CO2, a situation which will eventually become fatal. In this experiment an
aerobic/anoxic regime was applied to the plant by conducting either air (without CO2) or
N2 as carrier gas through the measurement cap (under low light conditions). In the anoxic
regime (applying N2) the oxygen dissolved in the water (or produced by photo-synthesis)
may still enter the gas layer over the leaf. The concentration in the gas layer, however,
remains low, because these gases diﬀuse out of this layer into the continuously replaced
carrier ﬂow in the cap. The results of SF6 diﬀusion measurements under these aerobic and
anoxic conditions are presented in ﬁg. 3.5.
The plants under anoxic conditions have a statistically signiﬁcant (P< 0.05) decreasing
conductance with time during submergence, while plants under aerobic conditions show a
constant, or perhaps even a slightly increasing conductance.
3.3.4 Repeated inundation
Rice plants exposed to anoxic conditions suﬀer from post anoxic stress when re-exposed to
aerobic conditions (Ram et al. 2001). To test the inﬂuence of this eﬀect on the conductance,
four rice plants (two CT and two FR) have been subjected to repeated submergence-
aeration cycles (two to three), with a submergence period of 5 hours, and aeration of one
hour. The conductance of the three youngest leaves was measured in sequence during each
inundation. The carrier gas used in the experiments is nitrogen. The conductance of the
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Figure 3.5: Measurements at rice seedlings under anoxic conditions (N2) or aerobic
conditions (Air). Measurements at the FR variety are indicated with  the CT variety is
labelled with ◦. The dashed line in the left graph is the signiﬁcant (P< 0.05) regression
line.
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Figure 3.6: A) The conductance of leaves from 2 FR-plants  and 2 CT-plants ◦ mea-
sured as a function of inundation sequence. B) Conductance presented as function of
inverse successive leaf order (the numbers in the plot).
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Figure 3.7: A drawing of the measured plant and the emitted fraction (from the ﬁrst
measurement) of this plant when submerged to the indicated water level. The numbering
of the leaves is according to inverse leaf order.
two varieties (FR =  and CT = ◦) are shown in ﬁgure 3.6A. No change in conductance
between the two varieties is observed as function of the inundation history. Presenting the
conductance versus the leaf order (numbers in ﬁg. 3.6B) we see no relation between the
conductance and inundation history for a speciﬁc leaf type either. We conclude that the
applied anoxic period was apparently too short to aﬀect the plants.
3.3.5 Conductance dependence on level of submergence
In the previous sections we saw that the conductance depends on leaf order and from
Nouchi (1994) we know that the conductance in the leaf sheath is higher than in the blade.
This is visualised with this experiment where the emission of a CT rice seedling is probed
at diﬀerent levels of submergence.
The sampling cap in the experimental set-up (ﬁg. 3.1) is replaced by a larger one able
to enclose the complete plant. The water level was regulated as in the other experiments.
The rice seedling and the applied water levels are drawn in ﬁgure 3.7 together with the
relative emission values. The leaf numbering in this ﬁgure is by inverse leaf order. The
lowest measurement was below the lowest ligule (transition zone from leaf sheath to leaf
blade), the next measurement was just above this ligule. The measurement at 6.3 cm was
just below the second ligule and the one at 7.0 cm in-between the second and third ligule.
The measurements at 10.4, 14.7 and 17.2 cm measured the transport of all four leaves, the
third and second leaf and only the second leaf, respectively.
Starting with all ligules above water, the emission of the plant hardly shows any de-
crease when the lowest two ligules are submerged (the water level rose from 4 to 7 cm).
Submerging the top ligule reduces the emission by 15%, submerging the youngest leaf re-
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duces the emission by another 50% and when only the tip of the second leaf protrudes
above the water level, only 3% of the original emission is measured (ﬁg. 3.7). We conclude
that the gas transport is mainly aﬀected by the submergence of the youngest leaf. The
reduction is not caused by the increase in diﬀusion length because in ﬁgure 3.4 we found
no relation between diﬀusion length and conductance.
3.4 Discussion and Conclusions
The conductance τ was successfully used to analyse the gas transport of rice seedlings.
The two lowland varieties used in our experiments diﬀered by their survival rate after a
ﬂooding. Somewhat surprising, no diﬀerence in conductance was observed in the various
experiments (conductance measurements, change in conductance under aerobic/anaerobic
conditions and repeated inundation) between the two varieties (FR and CT). This may
indicate that the chance of survival is independent of the gas transport potential of a
variety. Similar to our present ﬁndings, Lee et al. (1981) also found no diﬀerence in gas
transport between the various lowland varieties. We also found no plant age relation with
the conductance of leaves. However, we found a strong conductance dependence on leaf
order, which shows that the conductance of the leaves is highest just after formation and
degrades orders of magnitude over the following weeks.
The absence of dependence on plant age indicates that the initial conductance of the
leaves is constant. The decline in conductance coincides with the development of the
successive leaves and it would be interesting to investigate whether the decline is caused
by natural decay of the wax layer on the leaf or that it is triggered by the development of
new leaves. We showed also that the leaf conductance was not transport-limiting, since the
conductance did not depend on the diﬀusion length. Instead, it is likely that the ligules
and the freshest leaf together determine the transport.
Lee et al. (1981) measured the gas conductance for rice seedlings below the leaf blade
(our measurements were done higher up in the plant, at the leaf blade) and they found
an increase in conductance with plant weight (i.e. plant age). So, although the transport
through the culm of the rice seedling increases with plant age, the older plants do not
proﬁt from this when submerged up to their leaves, because the ligules of the leaves then
determine the gas transport.
During the measurements some plants did not transport any gas at all. The cause of
this problem could not be found, presumably the plant was damaged during the setting up.
The leaves of these plants were weak and stuck to the glass of the sampling cap, indicating
physiological damage.
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Abstract
When rice paddy ﬁelds are ﬂooded oxygen supply for the respiratoric metabolism in the
roots of rice plants depends on gas transport through the plant. Every individual tiller
of the plant contributes to this diﬀusive transport. We measured the conductance of
individual tillers and found a dependence on tiller age, tiller thickness and tiller position
in the plant. As tillers became mature the conductance drops during the expansion phase;
after the expansion had stopped the conductance increased again to some extent. The
conductance was lowest at the root-shoot transition zone. The origin of this high resistance
was investigated with a pressure diﬀerence. The ﬂow caused by the pressure indicate an
average inter-cellular pore radius of 3 µm. Similar inter-cellular spaces were observed with
optical and phase contrast microscopy.
4.1 Introduction
Rice is one of the most common food crops in the world. The harvested area of rice
in Asia comprised 132 million hectares in 1990 (Denier van der Gon 2000). In irrigated
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areas, rice is grown in paddy ﬁelds covered with water. Due to oxygen consumption by
roots and aerobic bacteria the oxygen concentration in the soil is depleted and the plants
develop aerenchyma, in roots and shoots, to full ﬁll the oxygen demand for their respiratoric
metabolism (Jackson and Armstrong 1999). The potential of the rice plant to transport
gas is essential to survive submerged conditions.
The gas transport mechanism through the plant is disputed, being either diﬀusion
with (Raskin and Kende 1983) or without convective gas ﬂow. Beckett et al. (1988)
showed that convection could only play a minor role. For non-deepwater rice it has been
concluded that diﬀusion is the main (or only) mechanism of transport through the plant, as
there is no short term inﬂuence on the release rate of methane by photosynthetic activity
(Denier van der Gon and Neue 1995; Wassmann et al. 1994), wind speed, humidity, light
(Frenzel et al. 1992; Lee et al. 1981) or transpiration (Byrnes et al. 1995; Nouchi 1994).
Already in 1962 Barber et al. explained the gas transport through rice plants by adopting
a diﬀusion model.
Gas transport through the rice plant takes place at two levels: the transport through
the shoot aerenchyma and the transport through the root aerenchyma. At the root-
shoot transition zone the aerenchyma terminate, thereby obstructing the internal gas
transport of the plant. It is the most important resistance to gas transport in rice
(Butterbach-Bahl et al. 1997).
Gas transport in rice plants is mostly measured for an entire plant (Butterbach-Bahl et
al. 1997; Denier van der Gon 2000; Hosono and Nouchi 1997; Lee et al. 1981; Wassmann
et al. 1997). In the present paper we present gas transport measurements at individual
tillers. The diﬀusive gas transport of a biologically inert tracer gas (SF6) through the root-
shoot transition zone is analysed, using a photoacoustic detection system, as a function of
tiller cross-section surface, tiller position in the plant and tiller age.
In a water logged situation, rice plants make big air channels; i.e. aerenchyma in the
cortex of the roots. The root cortex is located around the central core with the vas-
cular bundles. Although much attention has been paid to gas transport by aerenchymas
(Armstrong et al. 1991; Beckett et al. 1988; Jensen et al. 1969; Kludze and DeLaune 1995;
Raskin and Kende 1983) the structure in the root-shoot transition zone is relatively un-
known. Using pressure ﬂow measurements and microscopic pictures the dimensions of the
pores in the root-shoot transition zone are determined.
4.2 Material and methods
4.2.1 The rice plants
Rice plants (Oryza sativa) of the IR72 cultivar were used in the experiments. Plants
were between 4 to 5 months old and grown in the greenhouse under natural local daylight
conditions (15 MJm−2d−1 for 1998). The temperature in the greenhouse was 19± 1.5◦C.
The plants were grown in soil with equal amounts of rice paddy ﬁeld soil (Philippines)
and river clay (the Netherlands). Seedlings were planted in large plastic pots with a spacing
between the plants of 23 cm (six plants per pot). A 3-cm thick water layer was maintained
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on top of the soil throughout the cultivation.
The day at which a tiller separated from its mother tiller was registered (tiller emergence
date) and the tiller itself labelled with a number (tiller number). The tiller age is the time
span between the labelling of the tiller and the actual conductance measurement. Besides
the emergence date, the tiller number of the mother tiller was recorded too to determine
the age of the mother tiller at the emergence of the child tiller. The tillers are further
classiﬁed in tiller types, that is in primary, secondary etc. tillers. A primary tiller emerges
from the main stem, the ﬁrst tiller of the plant. The secondary tiller emerges from the
primary etc. (Counce et al. 1996).
4.2.2 Experimental Set-up
The plants used in the experiment were taken out of their pots and the soil among the
roots was gently washed away. The root-shoot transition zone of the plant was wrapped
in tissue paper and ﬁtted in an open-end glass tube. Liqueﬁed gelatine (40◦C) (Oxoid
L8, Merks 4070) was poured in small portions on top of the paper plug (each portion was
allowed to solidify before the next was applied) to make an airtight seal and ﬁll the air
spaces between the tillers (ﬁg. 4.1). In several tests we convinced us that gelatine provided
the best airtight sealing. After this preparation the roots and the shoots were cut, leaving
approximately 5 cm of roots and 10 cm of shoots to the transition zone. A 10 cm length of
shoot was short enough to prevent tiller damage while inserting the sampling cuvette over
it (ﬁg. 4.1).
The lower end of the glass cylinder containing the roots (bottom part) of the plant was
put in a glass vessel containing a small quantity of water to make an airtight seal with a
water lock. The water lock also facilitates monitoring of eventual pressure build up (one cm
diﬀerence between the water levels inside and outside the glass cylinder corresponds to one
millibar overpressure). The transport through the root-shoot transition zone is measured
using the tracer gas SF6. A constant SF6 concentration in the bottom part was obtained
by a constant, low ﬂow of a SF6-air mixture (200 ppm = 200× 10−6 m3/m3).
Over the top end of a tiller a sampling cuvette was placed; the bottom of this cuvette
was sealed airtight by the gelatine around the plant. The other tiller ends could emit
freely into lab air (ﬁg. 4.1). A carrier airﬂow of 1-3 litres per hour was ﬂushed through the
sampling cuvette. Caution was taken that no pressure diﬀerence with outside occurred in
the cuvette as result of the airﬂow (air was pumped through the detection system and the
pressure in the ﬂow was equalised just before it entered the sampling cuvette).
Steady state was reached typically 20 minutes after the positioning of the sampling cu-
vette. The diﬀusion ﬂow of SF6 through the tiller (ΦD, mol/sec) mixes with the carrier ﬂow
(φcar, m
3/sec) through the sampling cuvette and together they pass through the detection
system, i.e. the photoacoustic cell (φPA, m
3/sec). This is expressed mathematically by:
Ccarφcar + ΦD = CPAφPA (4.1)
where Ccar is the SF6 concentration (mol/m
3) in the carrier ﬂow before it entered the
sampling cuvette and CPA the concentration determined with the photoacoustic system.
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Figure 4.1: Set-up for the gas transport measurement on individual tillers in an intact
root-shoot transition zone. Through the root compartment ﬂushes a ﬂow of 200 ppm of
SF6 in air; a water lock closed this part. A sampling cuvette collects the gas emitted by
one tiller.
Because the carrier ﬂow does not contain any SF6, Ccar = 0 (mol/m
3) we get:
CPAφPA = ΦD. (4.2)
In the experiment CPA is measured and φPA is known.
The diﬀusion transport of tillers as a function of tiller position is measured for one
plant. The tillers of this plant were classiﬁed in 6 diﬀerent concentric rings around the
centre of the plant. We labelled the rings from 1 to 6 from the centre outwards.
4.2.3 Measurement of the pore size
Two methods were used to determine the pore size: gas transport using pressure ﬂow
and optical microscopy. The pressure ﬂow in the experiment was realised with a slight
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overpressure (5.5 mbar) in the bottom part of the glass cylinder (ﬁg. 4.1). The pressure
was measured by the diﬀerence in water level in the water lock of the root compartment.
The gas ﬂow measurement of the SF6 was identical to the detection method for diﬀusive
gas transport. The diﬀusive transport of SF6 was about as large as the pressure ﬂow. The
net pressure ﬂow was calculated by subtracting the diﬀusion ﬂow known from the earlier
experiments.
To validate the experimentally obtained radii of the inter-cellular space, optical mi-
croscopy pictures of the root-shoot transition zone were taken using interference phase
contrast microscopy. Slices of plant tissue around the root-shoot transition zone were iso-
lated and soaked for a night in a clearing ﬂuid, composed of lactic acid (85%), chloral
hydrate, phenol, clove oil and xylene (2:2:2:2:1 by weight; Herr Jr. 1971). A cross section
picture was taken of a root, just outside the tiller and a picture of the transition zone from
root cortex to the shoot cortex (where the pores are located).
4.2.4 Conductance parameter
Gas is transported by diﬀusion through small pores in the root-shoot transition zone of
a rice plant. Fick’s (ﬁrst) law can describe the combined gas diﬀusion through all these
pores by:
ΦD = D∆C
i=N∑
i=1
(
Ap
lp
)
i
(4.3)
where ΦD is the diﬀusion tracer gas mass ﬂow thought the pores (mol/sec), D the diﬀusion
coeﬃcient (m2/sec), ∆C the concentration gradient over the transition zone (mol/m3), N
the total number of pores, Ap the cross section surface of a single pore (m
2) and lp its
length (m).
We like to focus on the transport through an individual tiller and compare its gas
transport with that in other tillers. The cross section of the tiller is the dominating
property for gas transport. If we normalise the diﬀusive ﬂow in equation 4.3 with the tiller
cross section surface at the cutting point Atil (m
2) and assume the pores to be circular we
can deﬁne a conductance parameter τ (m/sec) to be:
τ =
πD
Atil
i=N∑
i=1
(
R2p
lp
)
i
=
ΦD
Atil∆C
(4.4)
where Rp (m) is radius of the pore.
4.2.5 Calculation of the pore size
The cross section surface of the pores in the transition zone is diﬃcult to measure directly.
However, a pressurised ﬂow is strongly dependent on the pore size. The Hagen-Poiseuille
equation relates the pressure drop over a circular pipe to its radius (Zucrow and Hoﬀman
38 CHAPTER 4. GAS TRANSPORT THROUGH RICE TILLERS
1976). The ﬂow through an individual pore in the transition zone is:
φi =
πR4∆p
8µl
(4.5)
where ∆p the pressure diﬀerence (Pa), µ the dynamic viscosity (1.8 × 10−5 Pa·sec, air at
STP), l the length of the pipe, R the radius of the pipe and φi the ﬂow of gas (m
3/sec)
through the i-th pore. The sum of the ﬂows through all the individual pores is the total
ﬂow φt =
∑N
i=1 φi.
An SF6-air mixture was applied to the bottom part of the set-up and only the SF6 is
detected. The gas transport φt through the pores is proportional to dilution. The product
of the molar volume Vµ (2.4 × 10−2 m3/mol, at STP) and the SF6 concentration in the
bottom part Croot (mol/m
3) in equation 4.6 corrects for the measured (SF6) ﬂow and the
real (SF6-air) ﬂow. The total gas ﬂow becomes (using eq. 4.5):
φt =
π∆pVµCroot
8µ
i=N∑
i=1
(
R4p
lp
)
i
. (4.6)
Assuming all pores to have an equal cross section surface, we get:
φt =
π∆pVµCrootR
4
p
8µ
i=N∑
i=1
(
1
lp
)
i
(4.7)
and applying the same assumption to the conductance parameter (eq. 4.4) we get:
τ =
πDR2p
Atil
i=N∑
i=1
(
1
lp
)
i
. (4.8)
Combining equation 4.7 with equation 4.8 we ﬁnd for the pore eﬀective radius:
Rp =
√
8µDφt
τAtil∆pVµCroot
(4.9)
Note that in equation 4.9 the pore radius does not depend on the pore length and the
number of pores. These dimensions would by hard to determine.
If an overpressure is applied in the root compartment the tracer gas is transported with
a combined diﬀusive transport and pressure ﬂow. By subtracting the diﬀusion contribution
(ΦDVµ) from the measured gas transport (φmeas) the ﬂow due to pressure (φt) is found:
φt = φmeas − ΦDVµ. (4.10)
4.3 Results
4.3.1 Tiller conductance
In ﬁgure 4.2 the tiller cross section surface versus tiller age is presented. It shows a rise in
tiller surface for the young tillers of several plants (the measurements at tillers from the
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Figure 4.2: Tiller cross section surface as function of tiller age measured for plant 1 = ;
plant 2 = ◦; plant 3 = ∗; plant 4 = ; plants from other experiments are indicated by .
A signiﬁcant (P< 0.05) trend is found for the conductance of young tillers until they are
60 days old.
4 plants used in ﬁg. 4.3 are indicated with individual symbols). At a certain age tiller
growth stops. This age is about 60 days after the tiller separated from its mother tiller
and is similar for all plants. Older tillers do not show a relation between age and surface
anymore.
The tiller conductance as a function of tiller cross section surface is shown in ﬁgure
4.3A. We see that there is a slight but signiﬁcant (P< 0.05) tendency for thicker tillers to
transport less gas per unit surface than thinner tillers. The gas transport of a tiller appears
to be inversely proportional to its surface.
In ﬁgure 4.2 we found a signiﬁcant relation between cross section surface versus age.
The conductance plotted versus age (ﬁg. 4.3B) shows a statistically signiﬁcant (P< 0.05)
drop in conductance for younger tillers. For older tillers the conductance seems to rise
again. The change from the decreasing trend in the young tillers to the rising trend in the
older ones (ﬁg. 4.3B) occurs at the same age (60 days) as that at which the tillers stop
growing (ﬁg. 4.2). This indicates that the decrease in conductance (of young tillers) can
be a result of the lateral tiller expansion; when this stops, ageing of the tiller recovers the
conductance to some extent. From the relations in ﬁgure 4.2 and 4.3 we conclude that the
tiller expansion may inﬂuence the tiller conductance.
Counce et al. (1996) reported tiller emergence dates for Alan rice, M15-123 rice and
Texmont rice. They found a more or less constant tiller emergence date independent of
tiller type (i.e. primary, secondary etc.). Each tiller produces a child tiller at the same
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Figure 4.3: A) Tiller conductance τ for the tillers of 4 diﬀerent plants as a function of
tiller cross section surface Atil. B) τ as a function of tiller age. The regression line for
tillers from 17 to 60 days old is statistically signiﬁcant (P< 0.05). For older tillers the
conductance seems to rise again. Plant 1 = ; plant 2 = ◦; plant 3 = ∗; plant 4 = .
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Figure 4.4: Age of the mother tiller versus the chronological tiller number of the child.
Primary tillers are indicated with ◦ and the secondary tillers with ∗. The main stems is
the . The data are taken from ﬁve diﬀerent plants.
age. This age varied between 30 to 90 days for the diﬀerent rice varieties. This the age
may coincide with the date when the mother tiller growth stops. In ﬁgure 4.4 the tiller
emergence dates of the ﬁve plants (used in the experiments) are given, the tiller types are
indicated by diﬀerent symbols. We observe that the emergence of the child tiller starts at
the age of the mother tiller of 20 days which, is well before the age of 60 days and continues
to 120 days. The development of the child tiller does not start after the mother tiller is
mature and its inﬂuence on the mother tiller conductance is small, because the reduction
in conductance is not observed above the age of 60 days while child tillers still emerge.
The tiller conductance measured versus position of the tiller in the plant is given in
ﬁgure 4.5. The measured conductance is plotted versus zone number for tillers of a single
plant. Tillers in the centre of the plant have the zone number 1 and tillers at the edge the
zone number 6. Apparently the conductance decreases for tillers in the outer regions of the
plant. No correlation between age and position was found (tillers are randomly produced
in the plant, there is no chronological order in tiller position), ruling out that this is a
’hidden’ age relation. A likely explanation for the higher conductance of tillers in the plant
centre is the higher density of roots in the plant centre.
In our experiments 5 cm of the roots and 10 cm of shoots were left attached to the
root-shoot transition zone, thus contributing to the measured conductances. To estimate
the additional resistance of these parts to the resistance of the root shoot transition zone,
the conductance through a 15-cm piece of tiller (without the root shoot transition zone) is
calculated with equation 4.4. We assume thus that the summed cross section of the roots
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Figure 4.5: The conductance τ as function of the zone number 1 to 6. Tillers in the
centre of the plant are located in zone 1 and tillers at the edge in zone number 6. The
regression line is signiﬁcant (P < 0.05).
below the tiller is about equal to the cross section of the tiller. The diﬀusion coeﬃcient
of SF6 is 1.06 × 10−5 m2/sec at 20◦C (Borchers et al. 1969). In literature an aerenchyma
fraction in the roots was observed between 26% and 30% (Kludze et al. 1994); in the shoots
between 38-45% (Butterbach-Bahl et al. 1997; Jensen et al. 1969). We assume therefore a
gas fraction of 30% in the piece of tiller (
∑
Ap = 0.3Atil). Using these numbers we ﬁnd a
conductance of this 15-cm of tiller (without the root shoot transition zone) of τ = 2.1×10−5
m/sec. Compared to our measured conductances (ﬁg. 4.3; typically 2.0× 10−6 m/sec) we
ﬁnd a 10 times higher conductance for the 15-cm of tiller (high conductance means low
resistance). This means that the real conductance of the root-shoot barrier itself is about
10% higher1 than the numbers reported.
4.3.2 Pore size
A microscopic picture of a root part close to the root-shoot transition zone is shown in
ﬁgure 4.6. The cells in the cortex (the light cell tissue) of the root are well structured and
the gas can be transported through the inter-cellular spaces between the cells (one inter-
cellular space is indicated by a circle). The size of the inter-cellular space is about 5-10
µm in diameter. The darker cells at the right side of ﬁgure 4.6 form the root epidermis.
One of these cell layers, the third layer from outside, will extend into the tiller cortex (see
below).
1The reciprocal of the conductance is proportional to the diﬀusion resistance.
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Figure 4.6: The cross section of the root cortex, at the left the central cylinder with
the vessels are visible, right the root epidermis is shown (outer 4 cell rows). The circle
indicates an inter-cellular space, its diameter is about 5-10 µm. The bar has a length of
100 µm.
Figure 4.7 shows an interference contrast picture of the transition from the root cortex
(bottom right) to the shoot cortex (top). It shows that the well structured cell arrangement
in the root cortex does not occur in the shoot cortex (opener cell arrangement in the top
part of the ﬁgure). In the middle (traced with a white line) the remainder of a sub epidermal
layer (ﬁg. 4.6) from the root epidermis is found. It is extending into the cortex from the
point where the root enters the shoot (not shown in ﬁgure). The inter-cellular pores are
located along the rows of cells.
Measurements of pressure ﬂow through the pores of the root-shoot transition zone (using
the calculation in section 4.2.5) measured at 7 tillers of one plant result in an average pore
diameter of 2.5 ± 1.8 µm. This is in agreement with the size of the inter-cellular pores
in the root cortex. Therefore we conclude that the aerenchyma do not extend into the
root-shoot transition zone, and that the root aerenchyma are not connected to the shoot
aerenchyma.
4.4 Discussion
Despite the rather large scatter in the measurements (a ’natural’ phenomenon for natural
systems), several trends are recognisable in the conductance results, most notably the
relation between tiller growth and tiller conductance.
The time development of the root-shoot resistance during the experiment should be ob-
served with caution. Due to the cutting of the root and shoot parts the plant will die and
this might inﬂuence gas conductance during the measurement. In ﬁgure 4.8 the conduc-
tance of several tillers was measured after cutting the roots and shoots. The measurements
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Figure 4.7: The transition region of the cortex from the root (bottom right) to the
cortex of the tiller (top). At the left bottom a part of the central cylinder of the root is
visible. A subepidermal layer from the root is extending into the tiller cortex (emphasised
with a white line). The other epidermal layers convert to the epidermis of the tiller (not
show but to the right side in the ﬁgure). The bar is 100 µm.
were normalised to the ﬁrst measurement of the respective tiller to show the relative change
in conductance. The ﬁrst measurement was always as shortly as possible after cutting the
plant. Most of the nine tillers in ﬁgure 4.8 undergo a minor change in gas conductance
(open symbols), therefore, the conductance is generally constant after cutting the plant.
For the three others (solid symbols) we assume a large measurement error (this was not
age related).
From the conductance of the individual tillers we are able to calculate the potential
oxygen transport through the plants under ﬁeld conditions. The total conductance of the
plants 2, 3 and 4 can be calculated by adding all the conductances ΦD of the induvidual
tillers (ﬁg. 4.2 and 4.3). This could not be done for plant 1 because not all tillers of this
plant were measured. The average SF6 conductance for these plants is Φ
tot
D = (2.6± 0.3)×
10−11 mol/sec. From this we can calculate the potential oxygen transport through the
plants if the transport is corrected for the concentration diﬀerence ∆C and the diﬀerence
in diﬀusion coeﬃcient. The oxygen concentration in air is 20%, in the tips of the roots
no oxygen is assumed. Under ﬁeld conditions the plant is exposed to a concentration
diﬀerence of 0.2 m3/m3. In the experiment the diﬀerence in SF6 concentration was 0.002
m3/m3; ∆C(O2)/∆C(SF6) =
0.2
0.002
. The ratio between the oxygen diﬀusion coeﬃcient in air
and the diﬀusion coeﬃcient of SF6 is DO2/DSF6 = 0.87 (Borchers et al. 1969). The average
potential diﬀusion of oxygen through plant becomes then ΦtotD (O2) = (2.3 ± 0.3) × 10−9
mol/sec.
Kludze et al. (1994) measured the radial oxygen loss (ROL) to the soil from roots of
(living) 35 days old rice plants in ﬂooded soil. They used 7 cultivars and found an oxygen
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Figure 4.8: Time behaviour of the gas transport after cutting (at t = 0). The measured
transport was normalised to the ﬁrst measurement of the respective tiller to show the
relative change in conductance. The age of the tillers ranged from 23 to 142 days. Most
of the nine measured tillers showed a minor change in conductance.
loss to the soil varying from 2.0×10−10 (Katy rice) to 3.8×10−10 mol/sec (Rico rice), they
did not use the IR72 cultivar. The diﬀusive ﬂow through our three plants would be in good
agreement with the measurements of Kludze et al. (1994) given the high root consumption
rates for oxygen (Bodegom et al. 2001) but their plants were much younger.
4.5 Conclusions
We found that growing tillers exhibit a reduction in gas conductance, the tiller expansion
is likely to cause this reduction. After the tillers stop growing (typically 60 days after
separation from the mother tiller), the conductance recovers to some extent.
The tiller conductance is also reduced for tillers in the outer regions of the plant. A
possible explanation for the higher conductance of tillers in the plant centre is the higher
density of roots in the plant centre.
The pressurised ﬂow data indicates that the pores in the root-shoot transition zone
are of the same order of magnitude as the inter-cellular cavities. The shoot aerenchyma
therefore do not extend into the root-shoot transition zone and the root aerenchyma are
not connected to the shoot aerenchyma.
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Abstract
In this chapter the porosity parameters for diﬀusion in soil and the diﬀusion coeﬃcient of
SF6 in water is discussed. A dynamical (non-steady state) diﬀusion model for gas diﬀusion
through water saturated soil is explained and compared to measurements. In the dynamical
description of diﬀusion transport it is necessary to apply a porosity correction to both the
diﬀusion coeﬃcient and the exchange cross section. The correction factors for the diﬀusion
coeﬃcient and exchange cross section were determined using C2H4 as tracer gas. Compared
to other work we found a slightly lower value for the porosity correction factors.
SF6 diﬀusion in soil was considerably delayed, an eﬀect which was attributed to adsorp-
tion. The Langmuir adsorption model was able to predict the diﬀusion transport correctly
which contributed to the determination of the diﬀusion coeﬃcient for SF6 in water. For
the detection of both SF6 and C2H4, the photoacoustic detection method was used.
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5.1 Introduction
The porosity correction for diﬀusion transport in a porous medium has long been subject
to study. Already in 1873 Maxwell derived an eﬀective diﬀusion coeﬃcient De (for steady
state diﬀusion) in a composite material, consisting of a sparse distribution of sphere shaped
particles made from substance α in a continuous medium of material β. He derived the
following mathematical expression:
De −Dβ
De + 2Dβ
= (1− θ) Dα −Dβ
Dα + 2Dβ
(5.1)
with θ the (dimensionless) open fraction (ﬁlled with medium β) and Dα and Dβ the diﬀusion
coeﬃcients in medium α and β, respectively (Maxwell 1873). If we apply this expression
to soil saturated with water using Dα = 0 (because the soil particles are impermeable) we
ﬁnd for the eﬀective diﬀusion coeﬃcient the simple expression De = εpDβ, with εp:
εp =
2θ
(3− θ) (5.2)
the porosity correction factor for the diﬀusion coeﬃcient in an homogeneous medium. As
is clear from this expression, the limit for θ → 1 is εp → 1 as it should, since θ = 1 means
that we are dealing with the pure substance β. On the other hand for low θ, εp is equal to
2
3
θ.
In the expression for diﬀusion ﬂow, F , (mol/sec) in steady state (Fick’s ﬁrst law)
through a soil layer this correction factor is also used:
F = −AcDwεp∂C
∂x
(5.3)
with Ac the cross sectional surface (m
2) through which the diﬀusion takes place, Dw the
diﬀusion coeﬃcient (m2/sec) in the homogeneous medium (water in our case) and C the
concentration (mol/m3). Porter et al. (1960) found for εp = γ(
l
le
)2θ where γ takes into
account ionic interaction and the increased viscosity of water in a porous system and l
le
the increase in diﬀusion path length. They deﬁned an eﬀective diﬀusion coeﬃcient of
De = γ(
l
le
)2Dw and therefore Ae = Acθ. Model-calculations showed that the shape of
the impermeable particles is unimportant (Crank 1975; Rappoldt 1990) and this is to a
certain extent conﬁrmed by experiment (Penman 1940). Penman (1940) also stated that
the porosity correction is a property of the composite material, i.e. the water-saturated soil
and is independent of the tracer gas used in the diﬀusion experiment, which is a reasonable
assumption when there is no interaction between the medium and the tracer gas.
Penman (1940) measured for dry sandy soils εp = 0.66× θ in the range of θ = 0.15 to
0.7. In the range of θ = 0.6 to 0.95 he found the relation εp = θ
2. Lai et al. (1976) found a
dependence of εp = θ
5/3 in the range θ = 0.15 to 0.4 (sand and clay), while other authors
reported relations like εp = θ
3/2, εp = 0.61 × θ and εp = 0.9 × θ − 0.1 (summarised by
Hillel 1982). In the water phase, using ion-diﬀusion, other authors found that the porosity
parameter was related to the open fraction by εp = 1.58× θ−0.17 (0.1 < θ < 0.4) for sand
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Figure 5.1: The porosity correction parameter εp for diﬀusion transport versus the open
fraction θ, as they were measured by various authors. The diﬀusion measurements in the
gas phase (Penman 1940; Lai et al. 1976) are indicated with a solid line and the ion-
diﬀusion measurements in the water phase with a dashed line (Barraclough and Tinker
1981). Maxwell’s result is theoretical (thick solid line).
and by εp = 0.99θ − 0.17 (0.25 < θ < 0.5) for clayey soil (Barraclough and Tinker 1981;
Porter et al. 1960; Rowell et al. 1967). Summarising, all authors found expressions in
reasonable agreement with equation 5.2 (see ﬁg. 5.1) in steady state.
In this study the dynamical diﬀusion through water saturated paddy soil (clay) and
sand was determined using the tracer gases C2H4 and SF6. These gases were chosen be-
cause they could be detected very sensitively by the photoacoustic method used throughout
this thesis (at ppt-level). Furthermore SF6 is inert (see chapter 2), and has no inﬂuence
on biological processes. The widely used tracer gas ethylene (C2H4) lacks the latter char-
acteristic because it is a plant hormone and an inhibitor for bacteria (Abeles et al. 1992;
Sprott et al. 1982). However, the SF6 diﬀusion coeﬃcient in the water phase is unknown.
Therefore, C2H4 was used to determine the porosity parameters which were subsequently
used in the SF6 diﬀusion measurements to determine the diﬀusion coeﬃcient of SF6 in
water.
The structure of this chapter is as follows: First, the experimental set-up and the
diﬀusion model are explained. Unfortunately SF6 appeared to be adsorbed in the soil and
an adsorption model was formulated. Finally the measurements and the ﬁtting curves are
presented for C2H4 as well as for SF6 with their porosity and adsorption parameters. In
the following chapter these results are used to determine the diﬀusion path length in the
oxidation experiments.
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Figure 5.2: Experimental set-up to measure the diﬀusion transport through water sat-
urated soil. A pure ﬂow of C2H4 or SF6 was led through the bottom part. Through the
headspace an airﬂow picked up the gas emitted by the soil. The capillary force retained
the water in the soil. The photoacoustic detector is indicated by P.A.
5.2 Material and method
5.2.1 Experimental set-up
In the gas diﬀusion experiments a small cuvette was used (∅ = 1.84 cm) with a grid of
stainless steel. The grid supported the water-saturated soil. A continuous ﬂow (< 5 ml/h)
of pure C2H4 or SF6 was applied to the bottom part throughout the experiment. The
applied concentration (in the water phase) at the bottom side of the soil was therefore
equal to the maximal solubility in water. A humidiﬁed airﬂow (1 l/h) in the headspace
of the cuvette carried the gas emitted by the soil to the photoacoustic gas analyser. The
cuvette was (partly) submerged in a temperature stabilising bath of 22.6±0.5◦C to reduce
temperature ﬂuctuations. Figure 5.2 presents a schematic overview.
The experiments were time consuming and using automatic switching (by electronic
valves) between two cuvettes, two experiments could be conducted simultaneously, using
one photoacoustic detector. Soil layers between 0.8 and 1.5 cm were used in the mea-
surements. After the measurement the open fraction of the soil was determined by drying
the soil in a stove at 60◦C. The solubility of C2H4 and SF6 in 22◦C water is 6.2 mol/m3
(Borchers et al. 1969) and 0.28 mol/m3, respectively (Langø et al. 1996). The diﬀusion
coeﬃcient of C2H4 in bulk water is D
w
C2H4
= 1.02 × 10−5 cm2/sec (Borchers et al. 1969).
These values were used in the analysis of the results.
The paddy soil (clay) consisted of equal amounts of rice paddy ﬁeld soil (Philippines)
and river clay (The Netherlands). The clay/paddy soil water mixture was prepared by
ﬁrm mixing with a minimal amount of water so that all air was expelled and a viscous
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substance was formed. This was put into the cuvette and left to drain its excess of water
before the measurement started.
The sand used in the experiments was white and contained a low amount of organic
compounds. It is, however, problematic to retain water in sandy soil while having atmo-
spheric pressure below the soil. Before starting an experiment with sand, the sand was
wetted by submerging the cuvette (vertical) to half way the height of the sand sample while
leaving the bottom part open. The water distributed itself over the sand by capillary force.
Next the cuvette was ﬁxed and the gas bubble with tracer gas was injected under the sieve,
after which the two openings to the bottom part of the cuvette (ﬁg. 5.2) were closed. The
gas could not escape through the soil (soil was saturated with water) and the pressure in
the bottom part counteracted gravity. Care was taken that the complete sand layer was
wet before the experiment started. By wetting the sand too much the sand would ﬂush
through the sieve.
5.2.2 Diﬀusion using the set-up of the oxidation measurements
In the next chapter methane oxidation is discussed using isotopically labelled methane in
the experiments. This methane was applied below the plant and the oxidised fraction was
determined from the plant emission. Simultaneously SF6 was applied below the plant to
determine the diﬀusion length of the methane through the soil. The diﬀusion properties of
SF6 in the experimental set-up of chapter 6 were examined in the current experiment, to
check the measured porosity and adsorption parameters.
The jar in the experimental set-up of chapter 6 (ﬁg. 6.1) had a larger diameter (of 21
cm and was 30 cm high). It consisted of two sections, a bottom section (4 cm high, volume
Vr = 2.39×10−3 m3), and a open top section (25 cm high). A glass-sintered sieve separated
the bottom section and top part (100-160 µm pores, diameter = 15 cm, 0.8 cm thick, open
fraction 0.4), preventing the soil to enter the bottom section but allowing gas diﬀusion to
the top part. Two measurements were performed using the clay described above, one with
a soil layer of 2.5 cm (total thickness with the ﬁlter is 3.3 cm) for which 1 ml of SF6 was
injected in the bottom part, the other with a 1 cm soil layer (1.8 cm total thickness) and
2 ml SF6 injected in the bottom part.
5.2.3 Diﬀusion model
The steady state diﬀusion ﬂow of tracer gas through a layer of soil is given by, Fick’s ﬁrst
law:
F = −AeDw ∂C
∂xe
(5.4)
with Ae the eﬀective exchange surface for diﬀusion, xe the eﬀective diﬀusion length (0 ≤
xe ≤ le) and le the eﬀective thickness of the soil layer. Fick’s second law describes the time
dependent diﬀusion of a tracer gas in the water phase by:
∂C
∂t
= Dw
∂2C
∂x2e
. (5.5)
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Figure 5.3: Schematic presentation of a pore through the soil with the symbols for its
dimensions. In ﬁgure A the pore is strait. In reality the pore has a random path see
ﬁgure B.
The diﬀusion ﬂow through soil is reduced by the soil particles. Here we present a model
to relate this reduction to the open fraction θ. A soil volume of volume V has a pore volume
Vp and the open fraction is given by θ =
Vp
V
. In case of one strait pore we have Vp = lA
′
e
and
θ =
lA
′
e
V
(5.6)
where l is the length of the pore and A
′
e its cross sectional surface (ﬁg. 5.3A). The total
surface, Ac, of the soil volume is equal to
V
l
and from equation 5.6 we get:
A
′
e = θAc (5.7)
For the tortuous pore in ﬁgure 5.3B we have:
θ =
leAe
V
(5.8)
and from equation 5.6, 5.7 and 5.8 we get:
Ae = Acθ
l
le
. (5.9)
The eﬀective diﬀusion path length xe for the tortuous pore is related to the thickness of
the soil layer, x, with a factor le
l
and therefore:
xe = x
le
l
(5.10)
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(see ﬁg. 5.3B). Substituting equation 5.10 in 5.5 we get the time dependent concentration
distribution due to diﬀusion of a tracer gas through soil:
∂C
∂t
=
(
l
le
)2
Dw
∂2C
∂x2
. (5.11)
Using equation 5.9 and 5.10 in 5.4 we ﬁnd:
F = −Acθ
(
l
le
)2
Dw
∂C
∂x
(5.12)
(see also Porter et al. 1960). In the diﬀusion model, equation 5.11 represents the dynam-
ical diﬀusion through the soil and equation 5.12 the diﬀusion in steady state. One may
observe that the diﬀusion coeﬃcient is present in both equations but the exchange surface
only in equation 5.12. Applying porosity corrections to either the diﬀusion coeﬃcient or
to the exchange surface results in a diﬀerent behaviour. In steady state (eq. 5.12) the
concentration distribution is stationary and it becomes immaterial whether one applies
the porosity correction to the diﬀusion coeﬃcient alone, or to the exchange surface and
the diﬀusion coeﬃcient. Following Porter et al. (1960) we take for the eﬀective diﬀusion
coeﬃcient De =
(
l
le
)2
Dw and the eﬀective transmission cross section Ae = Acθ. Equation
5.11 and 5.12 then become:
∂C
∂t
= De
∂2C
∂x2
(5.13)
F = −AeDe∂C
∂x
. (5.14)
As we shall see later in this chapter the measured emission curves show two character-
istics, a rise in emission earlier during the experiment and a plateau value later at steady
state emission. To ﬁt these curves one needs two ﬁt parameters, these parameters repre-
sent the unknown eﬀect of porosity on the diﬀusion process. One parameter is linked to
the eﬀective diﬀusion coeﬃcient De, because in a porous medium the length of le can not
be speciﬁed or measured. The other is linked to the eﬀective transmission cross section
Ae, because this cross section varies in the soil column. We deﬁne the eﬀective diﬀusion
coeﬃcient De and cross section Ae to be:
De = εDD
w (5.15)
Ae = εAθAc (5.16)
with εD and εA the adjustment factors to enable the ﬁtting of the emission curves. In
general εD was used to adjust the rising limb of the curves and εA to adjust the plateau
emission. From equation 5.11 we see that εD =
(
l
le
)2
, it corrects for diﬀerences in thickness
of the soil layer and for the eﬀective diﬀusion path1. εA corrects for variation in transmission
1Porter et al. (1960) used εD = γ
(
l
le
)2
with γ the correction factor for ionic interactions and increased
viscosity.
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cross section in the soil column. Using the set-up in ﬁgure 5.2, Ac is the cross sectional
surface of the cuvette.
From equation 5.3 and 5.14 using 5.15 and 5.16, we see that the porosity parameter
(in steady state) used in literature, εp, is related by: to the parameters εD and εA, in the
following way:
εp = εDεAθ. (5.17)
5.2.4 Calculation of the diﬀusion transport
The time development of the concentration distribution in the soil was calculated numeri-
cally with equation 5.13. The numerical Euler backward recursion was used, the simplest
stable method (Isaacson and Keller 1966). The discretisation of equation 5.13 then gives:
Ci (t)− Ci (t−∆t)
∆t
= De
Ci+1 (t)− 2Ci (t) + Ci−1 (t)
∆x2
(5.18)
with i the number of the sub-layer. We have therefore m equations, writing this in a matrix
form gives a m × m-matrix. Because the Euler backward method is used, the equation
is implicit (C (t−∆t) is the concentration distribution at the previous time step). This
implies the calculation of the inverse of the matrix (for which we used the triangular matrix
decomposition).
In the calculations the soil column was divided into m sub-layers (m = 40) with thick-
ness ∆x (see ﬁg. 5.2) and the diﬀusion was calculated in 3000 time steps. In the experiment
a constant concentration gradient was applied over the soil column in the cuvette. Where
the column is in contact with the bottom part, the concentration is given by the gas solubil-
ity in the (soil)water. Where the column is in contact with the headspace the concentration
is zero (to a good approximation).
The gas emission to the headspace is proportional to the concentration gradient in the
top of the soil column. This gradient is best approximated by the concentration gradient
over the uppermost sub-layer (between point m − 1 and m). The concentration in point
m is zero so from the calculated concentration distribution in time and space we calculate
the emission to the headspace with (see eq. 5.14):
F (t) = −AeDeCm−1 (t)
∆x
(5.19)
with Cm−1 the concentration one sub-layer below the top (see ﬁg. 5.2).
In ﬁgure 5.4 the calculated emission is shown for a change of ±30% in εA and εD. We
see that εA mainly inﬂuences the rate of emission (thin solid lines), while εD also aﬀects
the rise time (dashed lines).
5.2.5 Adsorption model
Adsorption or a chemical reaction may delay diﬀusion transport in the soil. The SF6
molecule is chemically inert and has no dipole moment, but ﬂuorine-atoms of the SF6
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Figure 5.4: Calculation of the ﬂux through the soil by the model when changing the εD
or εA with ±30%. Changing εD modiﬁes both the rise time and the steady state value
(dashed lines), while changing εA only modiﬁes the steady state value (thin solid lines).
The thick solid line is the reference.
molecule may exert a dipole-dipole interaction with positively charged sites, comparable to
hydrogen bounding. Furthermore, organic matter is expected to function as a substrate for
adsorption too (Barone et al. 1992; Wilson and Mackay 1996), but the nature of adsorption
was not investigated in this thesis. We assumed that C2H4 does not adsorb to the soil as
long the diﬀusion model ﬁts the measurements.
Due to adsorption, the soil works as a sink for the diﬀusing gas. The adsorption capacity
Γ (mol(SF6)/kg(clay)) in the soil reduces the change in concentration due to diﬀusion alone.
Applying this sink in equation 5.13 gives:
∂C
∂t
= De
∂2C
∂x2
− ρb
θ
∂Γ
∂t
(5.20)
with ρb the bulk soil density (≈ 1.04× 103 kg/m3). From this we see that the magnitude
of the buﬀering capacity of the soil in steady state compared to the concentration in the
water phase C is given as:
C(x, t) =
ρbΓ
θ
.
The SF6 molecules have no mutual interaction and will therefore form mono-layers
on surfaces. The formation of mono-layers is described by the Langmuir model. The
concentration C can never exceed the value at maximal solubility of SF6 in water, C0, at
which maximal adsorption is obtained. In the adsorption model C
C0
is the concentration
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quantity. The adsorbed adsorbate fraction as function of concentration according to the
Langmuir model is given by (Myers 1991):
Γ
Γmax
=
ke
C
C0
1 + ke
C
C0
(5.21)
where Γmax is the maximal adsorbed amount of SF6 (mol(SF6)/kg(clay)) and ke (dimension-
less) the ratio between the rate constant of adsorption and the rate constant of desorption
at equilibrium. We assume here that the adsorption is much faster than the diﬀusion,
locally adsorption is in steady state. Using equation 5.21, equation 5.20 becomes:
∂C
∂t
=
(
1 + ke
C0
C
)2
De(
1 + ke
C0
C
)2
+ ρbke
θC0
Γmax
∂2C
∂x2
. (5.22)
Adsorption will not change equation 5.14 because this describes diﬀusion in steady state
(where eq. 5.20 vanishes). Rees et al. (1990) derived an expression similar to equation
5.22 but assumed ke
C0
C  1. In our experiments C
C0
ranged from 0 to 1 and ke appeared to
be large, therefore this assumption was not allowed.
The ﬁt parameters for adsorption were ke and Γmax. Adsorption only occurs in the rise
of the emission curve because there the concentration in the soil water changes. The values
for ke and Γmax were found by adjusting the calculated trend to the measurements. The
ke was used to adjust the slope (of the curve) and Γmax the position in time.
5.3 Results
5.3.1 C2H4-diﬀusion in clay
The porosity parameters for diﬀerent soils were determined with a tracer with a known
diﬀusion coeﬃcient (namely C2H4). The diﬀusion coeﬃcient of C2H4 in bulk water is
DwC2H4 = 1.02× 10−5 cm2/sec (Borchers et al. 1969).
In ﬁgure 5.5 the time dependent emissions of C2H4 are presented using the experimen-
tal set-up in ﬁgure 5.2. The thickness l of the soil layers varied among the measurements
between 1 and 1.5 cm. In literature the porosity correction is often attached to the dif-
fusion coeﬃcient (Ball 1981; Barraclough and Tinker 1981; Campbell 1985; Currie 1965;
Lai et al. 1976; Moldrup et al. 1999; Penman 1940; Rees et al. 1990; Rolston and Brown
1977; Rowell et al. 1967) which was also attempted here. To do this we adjusted the cal-
culated steady state emissions to the measured ones by adjusting εD (with Ae = Ac see eq.
5.16) and we found the curves presented with the dashed lines in ﬁgure 5.5. The dots are
the measurements. We see from these curves that the diﬀusion in the dynamical phase is
too slow, the rise in the measurements is faster than the one of calculated curves. Most
of the measurements in literature are done in steady state where it makes no diﬀerence
to apply the porosity correction to the diﬀusion coeﬃcient only or to both the diﬀusion
coeﬃcient and the cross sectional surface.
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Figure 5.5: The measured C2H4 diﬀusion transport (dots) through clay and the ﬁt
curves when adjusting only εD (- - -) or both εA and εD (—). l is the thickness of the
clay-layer. Each of the four plots is a repetition of the same measurement, the diﬀerence
in l between the measurements (top left of the plot) is taken into account. Each plot gives
a value for εiD and ε
i
A, the average of these values give εD and εA.
The ﬁts obtained by adapting both εD and εA are presented in ﬁgure 5.5 by the solid
lines, which agree very well with the measurements. The average value of εD in these
measurements is 0.72± 0.11 and that of εA = 0.70± 0.05. Since these values are indepen-
dent of the used gas (Penman 1940, section 6.1), they will be used as porosity correction
parameters for the SF6 diﬀusion measurements. From the ﬁts in ﬁgure 5.5 (solid lines) we
concluded that an adsorption model is not necessary to describe the diﬀusion of C2H4 in
clayey soil.
5.3.2 SF6-diﬀusion in clay
The same diﬀusion experiments with C2H4 were performed with SF6 in clayey soil, in order
to arrive at a diﬀusion coeﬃcient for SF6 in water. In ﬁgure 5.6 the measurements of SF6
diﬀusion through the soil are presented with dots, the thickness l of the individual soil
columns is between 0.9 and 1.3 cm (see left top corners of graphs in ﬁg. 5.6). With the
diﬀusion model without adsorption we determined the diﬀusion coeﬃcient in steady state
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Figure 5.6: Measured and calculated SF6 diﬀusion in clay. The calculated dashed
curves, assume no adsorption (- - -) and the solid curves assume adsorption according to
the Langmuir model (—). The measured SF6 diﬀusion transport in clayey soil is given
by the dots. The curves are from measurements with diﬀerent l, the thickness of the
clay-layer. Each of the four plots is a repetition of the same measurement, the diﬀerence
in l between the measurements (top left of the plot) is taken into account. Each plot gives
a value for Dw,iSF6 and the adsorption parameters k
i
e and Γ
i
max, the average of these values
gives DwSF6 , ke and Γmax, respectively. The porosity parameters measured with C2H4 in
clayey soil are used (εD = 0.72 and εA = 0.70).
(plateau in ﬁg. 5.6), using the porosity parameters εD = 0.72 and εA = 0.70 from the C2H4
measurements. At steady state the diﬀusion is not aﬀected by adsorption (∂Γ
∂t
= 0 in eq.
5.20). This results in the dashed lines in ﬁgure 5.6 (the deviation from the measurement in
the dynamical phase is discussed at the end of this section). We found a diﬀusion coeﬃcient
for SF6 in water of D
w
SF6
= (1.2± 0.2)× 10−5 cm2/sec.
Apparently the diﬀusion coeﬃcient of SF6 is higher than the diﬀusion coeﬃcient of
C2H4. We can alternatively calculate the SF6 diﬀusion coeﬃcient relative to the diﬀusion
coeﬃcient of C2H4 from the diﬀerence in solubility and the steady state emissions presented
in ﬁgure 5.6 and 5.5. The solubility of SF6 is 22 times lower than that of C2H4, while the
steady state ﬂuxes in the measurements are about 18 times lower than those for C2H4
(pay attention to the slightly diﬀerent column length l). The SF6 diﬀusion coeﬃcient must
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Figure 5.7: Diﬀusion coeﬃcients (Borchers et al. 1969, T= 22.6◦C) of molecules without
a dipole moment in water,  are compact molecules, ◦ are carbohydrates and ∗ is the
diﬀusion coeﬃcient of SF6 determined from the steady state diﬀusion in ﬁgure 5.6. The
grey area in both ﬁgures is the error range of the exponential ﬁt curve. A) The diﬀusion
coeﬃcients are given versus the atomic mass. The line is a ﬁt of an exponential curve
through the points of the compact molecules only. The diﬀusion coeﬃcients of the carbo-
hydrates are signiﬁcantly lower than the diﬀusion coeﬃcients of the compact molecules
(t-test, P< 0.05) and therefore excluded from the ﬁt. B) Diﬀusion coeﬃcients of the same
molecules as in ﬁgure A but presented versus their length (in ×10−10 m). The line is
the exponential decline ﬁtted through all molecules. In both plots our result for SF6 (∗)
compares favourably with the general trend.
therefore be about 20% higher than the C2H4-diﬀusion coeﬃcient.
In section 5.2.5 we stated that adsorption does not aﬀect the steady state diﬀusion
but ﬁgure 5.6 shows that adsorption has a large impact on the diﬀusion. To support our
experimental SF6 diﬀusion coeﬃcient, we compared it to that of other molecules. The
diﬀusion coeﬃcients for molecules without a dipole-moment (obtained from Borchers et al.
1969) are plotted versus their molecule mass in ﬁgure 5.7A and versus their length in
ﬁgure 5.7B. The diﬀusion coeﬃcients of compact molecules2 are indicated with () and
those of (linear) carbohydrates with (◦)3. The compact molecules are up to 4 atoms long
and are therefore small in size, carbohydrates on the other hand are long and extended.
The SF6-molecule belongs to the compact group. Its diﬀusion coeﬃcient, determined from
the steady state ﬂux, is presented in ﬁgure 5.7A and B with (∗). The grey area is the error
2These molecules are: He, Ne, Ar, H2, N2, O2, Cl2, H2O2, SO2, NO2, N2O, N2O4 and CO2.
3These molecules are: CH4, C2H6, C2H4, C2H2, C3H8, C3H6, C4H10, C5H10, C6H12, C6H12, C6H6,
C7H8, C8H10.
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range for the exponential ﬁt (see below).
In ﬁgure 5.7A an exponential curve (which is not theoretically motivated, but appears
to ﬁt the general trend well) is ﬁtted through the points belonging to the group of the
compact molecules (solid line). Extrapolating this trend to the mass of SF6 we see that the
determined SF6 diﬀusion coeﬃcient is exactly on the line. It shows also that the diﬀusion
coeﬃcient of the carbohydrates are lower (this is signiﬁcant; P< 0.05, determined with
t-test two tailed distribution and equal variance) than those of the compact group. This
justiﬁes the exclusion of the carbohydrates from the exponential ﬁt to the data. Plotting
the diﬀusion coeﬃcient versus the length of the molecule (ﬁg. 5.7B) and again ﬁtting an
exponential curve through the points (now including the carbohydrates) we see that the
determined SF6 diﬀusion coeﬃcient again is in agreement with the average trend. The grey
areas in ﬁgure 5.7A and B correspond to the uncertainty in the exponential ﬁts (typically
±30%). Our measurements of DwSF6 (containing a standard deviation of ±15%) lie well
within this area. This brings us to the conclusion that the diﬀusion coeﬃcient of SF6 in
water determined from steady state emission is reliable.
Earlier we saw that the diﬀusion model without adsorption (using εD = 0.72 and
εA = 0.70) results in the dashed lines in ﬁgure 5.6. They show that the calculated ﬁts
are not able to follow the dynamical behaviour of the measurements. Reducing εD (while
increasing εA to maintain the steady state emission) will not improve the ﬁts, because then
the slope of the curve becomes lower than that of the measurements. No combination
of values for εD and εA appeared to be able to ﬁt the measurements. Obviously another
process occurs in the clayey soil, we therefore tried to ﬁt the measurements using the
Langmuir adsorption model.
Using the adsorption model (using the diﬀusion coeﬃcient for SF6 determined from
the steady state), we ﬁnd a ﬁtting dynamical behaviour by adjusting ke and Γmax (solid
line in ﬁg. 5.6). The values found for ke and Γmax are 603 ± 318 and (5.5± 3.0) ×
10−4 (mol(SF6)/kg(clay)), respectively. The parameters are summarised in table 5.1. We
conclude from the improvement obtained by using the adsorption model (ﬁg. 5.6) that
SF6 is likely to adsorb to the soil. The average water content of the soil was measured: we
found that θ = 0.52± 0.05 (m3(water)/m3).
The emission in the top left measurement of ﬁgure 5.6 is much lower than the emission
in the top right measurement (soil layer had the same thickness). This measurement is
the main cause for the large uncertainty in the measured diﬀusion coeﬃcient, however,
there were not suﬃcient reasons to exclude this measurement from the results. In general,
the measured adsorption coeﬃcients ke and Γmax also showed much variation among the
measurements (again most in the left top measurement). Adsorption may therefore be very
sensitive to the preparation of the soil. The cause of the variation was not investigated
further.
5.3.3 Diﬀusion of C2H4 and SF6 in sand
The amount of active sites at which adsorption may occur in sand is small, and by using
sand with a low organic matter content, adsorption to the organic matter should also be
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Figure 5.8: Fits (solid line) to the C2H4 diﬀusion measurements () through sand. The
three diﬀerent curves are repetitions of the same measurement. The layer thickness (l)
and the concentration in the reservoir (Cres) diﬀered between the experiments and are
given in the upper left corners of the plots. Each plot gives a εiD and ε
i
A, the average of
these result in εD and εA for C2H4 diﬀusion in sand, respectively.
reduced. It was therefore expected that diﬀusion in sand only shows minor adsorption.
C2H4 diﬀusion measurements through sand gave similar porosity parameters as those
for clay, i.e. εD = 0.57 ± 0.13 and εA = 0.80 ± 0.32. Figure 5.8 shows the measurements
and the ﬁts.
Similar to what has been described in the previous section, the calculated steady state
diﬀusion of SF6 through sand is adjusted to the measured trend by adapting the diﬀu-
sion coeﬃcient (using εD = 0.57; εA = 0.80). The calculated curves are shown in ﬁgure
5.9, the dashed lines. The SF6-diﬀusion coeﬃcient in these measurements resulted in
DwSF6 = (1.7± 0.5) × 10−5 cm2/sec. Again the dashed lines were not able to follow the
measurements and we had to conclude, therefore, that even in sandy soils some kind of ad-
sorption occurs. The ﬁts using the Langmuir adsorption model resulted in the solid lines of
ﬁgure 5.9. The average value used for ke was 633± 167 and for Γmax = (2.6± 2.0)× 10−4
mol(SF6)/kg(sand). This Γmax is lower than the Γmax measured in clay. For the sand
measurements we measured an average water content of θ = 0.48± 0.02 (m3(water)/m3).
The porosity in sand appears to be smaller than that in clay. All measured diﬀusion and
adsorption parameters are summarised in table 5.1.
The measured SF6-diﬀusion coeﬃcient in sand is higher than the one measured in clayey
soil but also has a large error. The sand was not able to retain the water very well and
possibly the top part of the sand column was partly drained. This will result in an apparent
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Figure 5.9: SF6 diﬀusion measurements through sand (dots) ﬁtted with the Langmuir
adsorption model (—), or assuming no adsorption (- - -). Each plot is a repetition of the
same measurement, though the layer thickness (l) and the concentration in the reservoir
(Cres) diﬀered between the experiments. They are given in the upper left corners of the
plots. The ﬁts give values for Dw,iSF6 , k
i
e and Γ
i
max, their averages result in D
w
SF6
, ke and
Γmax for SF6 diﬀusion through sand, respectively. Note that the y-axis diﬀer between the
measurements.
higher diﬀusion coeﬃcient.
5.3.4 Diﬀusion using the set-up of the oxidation measurements
The jar used in the oxidation measurements discussed in chapter 6 is much larger than
the cuvette used in ﬁgure 5.2 and it has an 8 mm thick ﬁlter separating the reservoir from
the soil. The measurements at the 2.5 cm and 1 cm soil of sample are presented in ﬁgure
5.10A and B. If we calculate the diﬀusion transport, assuming no adsorption and using
the diﬀusion coeﬃcient and porosity correction factors determined with the cuvette, the
dashed lines in ﬁgure 5.10A and B are obtained. Again, a delay in the measurements is
found and the calculated trend without adsorption does not ﬁt the measurements. The
Langmuir adsorption model does produce a nice ﬁt (solid lines in ﬁg 5.10A and B). For
these ﬁts we used the diﬀusion coeﬃcient of SF6 εD and ke as they were determined in
the measurements on clay. The values for εA and Γmax were adjusted to obtain a proper
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Figure 5.10: Measurements using the oxidation measurement set-up () and the cal-
culated emission assuming no adsorption (- - -) and assuming adsorption (—–). With ke
and εD taken from the clay experiments, Γmax and εA are ﬁtted.
ﬁtting trend. εA was used for the ﬁt because in this set-up it was unclear how much of
the cross section is eﬀectively used (the cross section is large) and Γmax because the sieve
decreases the adsorption. For Γmax we found (5.1± 1.9)× 10−6 mol(SF6)/kg(clay) and for
εA we found 0.47± 0.12. These parameters are also presented in table 5.1.
The adsorption in these measurements appeared to be considerably smaller than in the
measurements using the cuvette (as shows up from the Γmax values). The cause of the
diﬀerences in adsorption between the two set-ups is unknown. The diﬀerences between
the two experimental set-ups were the applied SF6 concentration below the soil (in the
cuvette experiments pure SF6 was used while in the oxidation experiments the SF6 was
diluted), the glass sintered sieve between the soil and the reservoir (in the oxidation set-up)
and the size of the soil sample. Neither of them gives an explanation for the deviation in
adsorption.
5.3.5 Porosity parameter
The porosity parameters for diﬀusion determined from the experiments were compared
with the parameters given in literature. Equation 5.17 gives the relation between the
porosity correction factor used in literature εp, and εD and εA, the parameters used in this
chapter. The average value for εp calculated from the measurements in clayey soil was
εp = 0.25±0.02. For the sandy soil we found εp = 0.17±0.06, where the much larger error
bar has its origin in the large spread in the values, probably due to problems with water
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Figure 5.11: The functions of the porosity parameters εp versus the porosity θ, measured
using C2H4 (open symbols for sand and solid symbols for clay measurements). The dashed
lines are the functions measured by Penman (1940) in dry soil and Barraclough and Tinker
(1981) measuring in ion-diﬀusion in the water phase. The solid line is the ’average’ of the
clay measurements: εp = 0.5× θ.
retention in soil.
In ﬁgure 5.11 the parameters εp determined for the measurements are plotted versus
the soil porosity θ ( for measurements in clayey soil and  for measurements in sand),
together with the curves (dashed lines) for these parameters found by Penman (1940, using
dry soil) and Barraclough and Tinker (1981, the latter from ion diﬀusion in water). The
values are obtained from the C2H4 measurements, therefore only the C2H4 measurements
are presented. The solid line is the expected trend with θ using the parameters determined
in the clay-measurements.
The porosity parameters measured are lower than those of Penman or those of Barra-
clough and Tinker. The present measurements were done in a diﬀerent setting than those
quoted from literature. This may (in part) be responsible for the diﬀerence. The range in
which θ varied in our measurements was very small (apart from the clay-sand diﬀerence),
and one cannot draw any further conclusions from the shape of the εp(θ)-relation.
5.4 Discussion and Conclusions
Diﬀusion in a porous medium is often measured in steady state. By performing non-steady
state diﬀusion experiments through water saturated soil using C2H4 as tracer we found that
not only the diﬀusion coeﬃcient has to be corrected for the porosity but also a correction
5.4. DISCUSSION AND CONCLUSIONS 65
T
ab
le
5.
1:
T
h
e
p
ar
a
m
et
er
s
fo
r
d
iﬀ
u
si
on
an
d
ad
so
rp
ti
on
in
cl
ay
an
d
sa
n
d
as
th
ey
w
er
e
m
ea
su
re
d
in
th
e
va
ri
ou
s
ex
p
er
im
en
ts
.
T
h
e
te
rm
(l
it
.)
w
as
u
se
d
w
h
er
e
th
e
va
lu
e
w
as
gi
v
en
in
li
te
ra
tu
re
,
th
e
n
u
m
b
er
s
b
et
w
ee
n
b
ra
ck
et
s
re
fe
r
to
th
e
m
ea
su
re
m
en
t
w
h
er
e
th
e
va
lu
e
w
a
s
d
et
er
m
in
ed
an
d
th
e
m
ea
su
re
m
en
ts
w
h
er
e
th
e
va
lu
e
w
as
u
se
d
as
in
p
u
t.
C
2
H
4
d
o
es
n
ot
sh
ow
a
d
so
rp
ti
on
to
th
e
so
il
an
d
th
er
ef
or
e
k
e
=
0
an
d
Γ
m
a
x
=
0.
V
a
lu
es
w
it
h
an
er
ro
r
ra
n
ge
w
er
e
u
se
d
to
ﬁ
t
th
e
cu
rv
es
.
V
al
u
es
w
it
h
ou
t
er
ro
rs
w
er
e
n
ot
u
se
d
fo
r
ﬁ
tt
in
g
b
u
t
w
er
e
ta
k
en
as
in
p
u
t
(s
om
e
ex
p
er
im
en
ts
p
ro
v
id
ed
th
e
in
p
u
t
fo
r
th
e
ot
h
er
s)
.
N
ot
e
th
at
in
th
e
S
F
6
m
ea
su
re
m
en
ts
3
p
a
ra
m
et
er
s
w
er
e
u
se
d
D
w
,
k
e
an
d
Γ
m
a
x
.
T
h
is
d
id
n
ot
re
su
lt
in
an
ov
er
d
eﬁ
n
ed
sy
st
em
,
w
it
h
D
w
th
e
st
ea
d
y
st
at
e
va
lu
e
w
as
ad
ju
st
ed
,
w
it
h
k
e
th
e
sl
op
e
o
f
th
e
ri
si
n
g
li
m
b
of
th
e
cu
rv
e
an
d
w
it
h
Γ
m
a
x
th
e
d
el
ay
in
em
is
si
on
.
S
oi
l
D
w ×1
0−
5
cm
2
/s
ec
ε A –
ε D –
k
e
–
Γ
m
a
x
×1
0−
4
m
ol
/k
g
C
2
H
4
C
la
y
S
an
d
1.
02
(l
it
.)
1.
02
(l
it
.)
0.
70
±
0.
05
(1
)
0.
80
±
0.
32
(2
)
0.
72
±
0.
11
(3
)
0.
57
±
0.
13
(4
)
0 0
0 0
S
F
6
C
la
y
S
an
d
1.
2
±
0.
2
(5
)
1.
7
±
0.
5
0.
70
(1
)
0.
80
(2
)
0.
72
(3
)
0.
57
(4
)
60
3
±
31
8
(6
)
63
3
±
16
7
5.
5
±
3.
0
2.
6
±
2.
0
O
x
id
at
.
ex
p
.
C
la
y
1.
2
(5
)
0.
47
±
0.
12
0.
72
(3
)
60
3
(6
)
0.
05
1
±
0.
01
9
66 CHAPTER 5. SF6 DIFFUSION IN WATER SATURATED PADDY SOIL
for the exchange surface was required.
To measure the diﬀusion coeﬃcient for SF6 in water, similar measurements were done
with SF6 as with C2H4. The diﬀusion coeﬃcient determined from steady state diﬀusion
appeared to be DwSF6 = (1.2± 0.2) × 10−5 cm2/sec. This diﬀusion coeﬃcient agrees very
well with diﬀusion coeﬃcients of other molecules obtained from literature, when they are
plotted versus molecule-mass or molecule-length. We conclude that the measured diﬀusion
coeﬃcient for SF6 in water is reliable.
Attempts to ﬁt the SF6-diﬀusion measurements with the dynamical diﬀusion model
(using the porosity parameters of C2H4) failed, because the SF6-diﬀusion is delayed by some
kind of process in the soil, and cannot be described by diﬀusion alone. The possibility of a
chemical reaction in the soil is unlikely due to the high chemical stability of SF6. A suitable
model to describe the delay is an adsorption process, and therefore the Langmuir adsorption
model was used. The parameters for diﬀusion and adsorption to ﬁt the measurements in
sand and clay are summarised in table 5.1.
Surprisingly, SF6-diﬀusion through sand is also delayed. Sand is expected to have
a low amount of adsorption sites (if any), while SF6 being trapped in organic matter
should be of minor importance too, because sand with a low organic matter content was
used. Lack of correlation between adsorption and soil properties is also found in literature
(Anghinoni et al. 1996 studied phosphate sorption versus clay fraction or organic carbon
content and were not able to ﬁnd a correlation). Even more surprising, was the shorter
delay in diﬀusion using the oxidation set-up of chapter 6 (with a bigger jar instead of a
cuvette). Diﬀerences in the experimental set-ups could not explain the results.
SF6 was selected as tracer gas because of its chemical and biological inertia, and because
it can be detected with great sensitivity using the photoacoustic detection method. Its
adsorption behaviour in soil and unknown diﬀusion coeﬃcient in water are drawbacks to
use it as a diﬀusion tracer but its steady state diﬀusion behaviour where adsorption plays
no role is in accordance with expectations. SF6 can be used as diﬀusion process tracer (as
we will do in the next chapters), provided care is taken while interpreting non-steady state
diﬀusion data.
Comparing the measured porosity parameters (from the C2H4-experiments) for diﬀu-
sion with the porosity parameters measured by Penman (1940) in the gas phase and the
ion diﬀusion measurements in the water phase (Barraclough and Tinker 1981), we see that
the present parameters are slightly lower. Diﬀerences might be due to the diﬀerent experi-
mental circumstances (neutral molecules, ions, dry or wet soil), although theoretically this
is not expected to occur.
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Abstract
Reported methane oxidation fraction values, measured in the rhizosphere of rice plants,
show a large spread. The methods commonly used so far compare measurements of the
methane emission in the ﬁeld situation with measurements of the methane emission while
inhibiting oxidation.
In this report a new method is introduced. Diﬀusion of isotopically labelled methane
through the rhizosphere of the rice plant is measured for an intact plant-soil system. The
oxidation fraction is calculated from the ratio between unoxidised labelled methane and
the labelled carbon dioxide. The oxidation of the labelled methane could be distinguished
from the methane and carbon dioxide produced and consumed by plant and soil. The
oxidation fraction for methane is found to be between 0 and 7%.
Anomalous behaviour in the methane diﬀusion is examined by ﬁtting a diﬀusion model
to the measurements. SF6 is used as an inert tracer for undisturbed diﬀusion, since it is
not oxidised by bacteria.
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6.1 Introduction
As is commonly known, methane is (after CO2) the second most important greenhouse gas
of which the atmospheric concentration is seriously inﬂuenced by anthropogenic eﬀects.
Its concentration has risen from 0.7 ppm (by volume) preindustrial to 1.7 ppm in 1997
(Chanton et al. 1997; Frenzel and Bosse 1996), thereby contributing for 20% to the build-
up of the so-called radiative forcing (Ramaswamy 2000). Radiative forcing is the concept
with which the inﬂuence of anthropogenic eﬀects (since preindustrial times) on the con-
centration of greenhouse gases can be compared: it is the radiation unbalance (in W/m2)
caused by the extra absorption of outgoing infrared radiation due to the anthropogenic in-
crease of greenhouse gas concentrations. Total emissions are estimated to be 530± 120 Tg
methane per year. Rice paddies are responsible for a considerable fraction of this emission,
although the uncertainty about their contribution is again very high (Prather et al. 1995).
Local variations cause the large uncertainty in growing conditions and the complicated
dynamics between emission and oxidation (Bodegom et al. 2001). A better understanding
of the oxidation in the rhizosphere is therefore desirable.
In ﬂooded (part of the cultivation) rice ﬁelds methane is produced in the anoxic soil by
methanogenic bacteria. Its production is highly dependent on the availability of degradable
organic matter. The available organic matter (CH2O) is reduced to acetate (C2H4O2)
according to:
3nCH2O + nH2O→ nC2H4O2 + nCO2 + 2nH2.
Methanogenic bacteria (methanogenesis) use either the acetate or H2 as substrate following:
C2H4O2 → CH4 + CO2
CO2 + 4H2 → CH4 + 2H2O.
The ﬁrst reaction path accounts for 70-90% to the methane production (Achtnich et al.
1995). Therefore the most important intermediate in methanogenesis is acetate (Conrad
1993; Minoda and Kimura 1996). The methane production is fuelled by the root exudates
(Chanton et al. 1997) and is highest at the end of the growth season when the root system
is completely developed (Bilek et al. 1999; Denier van der Gon 1996; Minoda and Kimura
1996).
The time between ﬂooding and methane production depends on soil chemical conditions
and varies from a few days to several weeks (Conrad 1993). In dry and aerated paddy
soil the potential for methanogenesis is high and the numbers of viable methanogenic
bacteria present are as high as under anaerobic conditions (Conrad 1993). The onset of
CH4 production apparently does not depend on the growth in number of methanogenic
bacteria.
CH4 produced in the rice paddy soil is able to escape to the atmosphere in various
ways: via the aerenchyma system of plants, via ebullition after formation of gas bubbles
with suﬃcient buoyancy, or via diﬀusion through the soil and water layer. About 90% of
the methane is released via the plant, 10% via ebullition and only 1% is emitted by diﬀusion
through the soil (Conrad 1993; Denier van der Gon 1996). In unvegetated plots ebullition
is more important, because the route via the plant is absent (Chanton and Dacey 1991).
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Methane enters the root via diﬀusion through the epidermis and via water uptake by the
roots. It is likely that it is directly gasiﬁed in the root cortex (Nouchi 1994) and diﬀuses
through the inter-cellular spaces and the aerenchyma of the roots. At the root-shoot
transition zone of the plant, the transport is seriously retarded (Butterbach-Bahl et al.
1997; chapter 4 of this thesis) before entering the aerenchyma of the shoots. In the shoot
system, CH4 is released mainly through micro-pores in the leaf sheath, while the amount
of methane released by the stomata is small (Nouchi 1994).
Plants develop aerenchymas to transport oxygen towards the roots, since the roots
need oxygen for their respiration. The methane transport to the atmosphere is a side
eﬀect, like methane diﬀusing from the soil into the root system, oxygen diﬀuses from the
root into the soil creating an oxygen rich zone around the roots, the so-called rhizosphere.
In this zone a part of the methane, produced by methanogenic bacteria further away
in the soil, is oxidised to CO2 by methanotrophs (Bilek et al. 1999; Butterbach-Bahl et al.
1997; Chanton et al. 1997; Conrad 1993; Frenzel et al. 1992). Simultaneously, the methane
production in the rhizosphere is reduced, since oxygen acts as a inhibitor for methanogenesis
(Fetzer and Conrad 1993).
To our knowledge, three approaches have been used so far to measure the methane
oxidation percentage in the rhizosphere: incubation studies, inhibition of methanogenesis
and isotope fractionation measurements. Table 6.1 gives an overview of the reported results
using the diﬀerent techniques. Incubation studies measure the potential methane emission
from incubated soil samples and compares this with emitted methane under ﬁeld conditions.
Under these conditions the gas exchange of the rhizosphere is more limited than in the
incubated soil samples with optimal gas exchange. Therefore, a higher methane production
is measured, leading to a serious overestimation of the methane oxidation (Conrad 1993;
Denier van der Gon and Neue 1996).
In the inhibition studies, an inhibitor of the methane oxidation is applied to the upper
part of the plant and the emission of the plant is compared to the emission when no
inhibitor was used. Gases used for inhibiting methane oxidation, are N2, CH3F, CH2F2
and C2H2. When using N2 the plant chamber was ﬁlled with pure N2 while, in the case of
CH3F, CH2F2 and C2H2, the air around the plant was maintained and only a small amount
of the inhibitor was added. Denier van der Gon et al. (1996) showed that N2-inhibition
stimulates CH4 production, which can lead to a 35% overestimation.
Inhibition with CH3F (table 6.1) in the head-space of the plant, inhibits the oxidation
completely but also inhibits methanogenesis (Frenzel and Bosse 1996, thus wrongly esti-
mating methane oxidation). Using acetylene (C2H2), King (1996) found that at 0.01% C2H2
the methane oxidation was reduced by 90% (at 0.1% by 96% and at 1% by 98%). But
at concentrations above 0.1% C2H2 also methane production was inhibited (King 1996;
Oremland and Culbertson 1992). Even at 0.01% C2H2 the methane production was re-
duced to 60%, but Watanabe et al. (1997) only found an eﬀect on methane production at
this concentration after a long incubation (as it inhibits growth of methanogens). More-
over, this concentration does not block pure cultures of methanogens (Oremland and Taylor
1975; Sprott et al. 1982).
In rice paddy ﬁelds the production of methane is higher than its emission from the
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Table 6.1: Methane oxidation fractions for rice plants measured by diﬀerent techniques
and reported by diﬀerent authors. For 3 of the methods the time after ﬂooding in days
is given between the brackets. For incubation experiments no time after ﬂooding can be
given because the methane production is measured from a soil sample.
Incubation Inhibition (N2)
77% Holzapfel-Pschorn et al. 1986 71% [60-100?] Holzapfel-Pschorn et al. 1986
90% Schu¨tz et al. 1989 78-92% [110] Frenzel et al. 1992
82% Epp and Chanton 1993 80% [?] Conrad 1993
88-94% Butterbach-Bahl et al. 1997 48% [65] Denier van der Gon and Neue 1996
44-67% Bilek et al. 1999 43% [57] Bilek et al. 1999
Fractionation (13C/12C) Inhibition (CH3F, C2H2, CH2F2)
40-94% [?] Chanton et al. 1997 26% [60-100?] Holzapfel-Pschorn et al. 1986
55% [86] Tyler and Bilek 1997 14-43% [90] Epp and Chanton 1993
39-71% [65] Bilek et al. 1999 0-5% [65] Denier van der Gon and Neue 1996
22% [?] Frenzel and Bosse 1996
0-5% [100] Kru¨ger et al. 2001
ﬁeld, which results in an accumulation in the soil (Conrad 1993). Inhibitors only aﬀect
the bacteria and not the accumulated methane. Bodegom et al. (2001) showed that root
growth causes the plant emission to increase. The root tip is constantly supplied with newly
accumulated methane in the soil. They calculated that the oxidised fraction, corrected for
this eﬀect, reduced from 33% to 8.5%. It is therefore complicated to secure a correct result
when using inhibitors.
The methane oxidation can also be determined from the isotope fractionation. The
carbon atom occurs in two stable isotopes 12C and 13C. About 1.1% of the carbon in nature
is 13C the rest is 12C. Most chemical and biological processes have diﬀerent aﬃnity for one if
the isotopes and change the balance between the two isotopes, the so-called fractionation.
The fractionation for methane oxidation by bacteria was measured by Coleman et al.
(1981). The isotope ratios of stable methane isotopes (13CH4/
12CH4) emitted by the plant
were used by Tyler et al. (1997) and Bilek et al. (1999) to calculate the oxidised methane
fraction. They compared the isotope ratio of methane emitted by the plant to the isotope
ratio in the pore water of the soil. The diﬀerence between in isotope ratio gave a measure for
the oxidation. This method did not use inhibitors and is called fractionation measurements
(table 6.1) in the rest of the paper.
However, besides oxidation, also diﬀusion through the plant fractionated the methane
isotope ratio. Tyler et al. (1997) and Bilek et al. (1999) measured this fractionation by
extracting gas samples from the lower part of the plant, assuming that at that point the
isotope ratio of methane was the same as where it had entered the root. This assumption
is questionable, since the gas has not only diﬀused through the roots already, but it also
passed the root-shoot transition zone, which has been shown to be a high resistance for gas
diﬀusion (Butterbach-Bahl et al. 1997; chapter 4). If fractionation would have occurred it
would lead to an overestimation of the oxidised methane fraction. In any case, the use of
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the (relative small and variable) natural fractionation eﬀects leads to a serious inaccuracy
in the results.
The oxidation fractions listed in table 6.1 tend to be overestimates; the variability is
typical for these kind of measurements. In this paper the diﬀusion of a added amount
(small compared to the methane production in the soil) of isotopically labelled methane
(13CH4) was traced while diﬀusing through the soil and the undisturbed rhizosphere of
a rice plant. The oxidation fraction was determined by the additionally released 13CO2
amount, while correcting for the natural isotope abundance using reference plants. The
time envelope of the release was modelled via a numerical diﬀusion model giving the length
and cross section of the diﬀusion path.
6.2 Material and methods
6.2.1 Plant treatment
Rice plants of the high yield cultivar IR72 were used for the experiments. Plants were
grown in a greenhouse under natural daylight conditions for 3 to 4 months (15 MJm−2d−1
for 1998). The temperature in the greenhouse was 19± 1.5◦C.
The plant soil contained equal amounts of rice paddy ﬁeld soil (Philippines) and river
clay (Netherlands), and the pH of the soil was 7.13. One week old seedlings were transferred
to big plastic trays with a 23 cm spacing between the plants (six plants per tray). A 3 cm
thick water layer was kept on top of the soil throughout the cultivation. To stimulate CH4
production 10 gr acetate per plant was added to the water, two to four weeks before the
experiment. A number of days before the experiment, the plants were transferred to the
glass jars (5, 17 and 9 days before experiment 1, 2 and 3, respectively). By this time the
oxygen eventually introduced into the paddy soil by the transfer of the plant is certainly
consumed. The age of the plants in experiment 1 (Exp. 1), experiment 2 (Exp. 2) and
experiment 3 (Exp. 3) was 106, 93 and 112 days, respectively. The temperature during
the experiment was 25 ± 2◦C with an 12/12 hours day night cycle. Tube lights with a
chlorophyll spectrum supplied the light. The water level on top of the soil was maintained
by adding water daily.
6.2.2 Experimental set-up
Two identical glass jars were set up (∅ = 21 cm, 30 cm high, see ﬁg. 6.1) which were
divided in sections, a bottom section i.e. the injection reservoir (volume Vr = 2.39× 10−3
m3), and an open top part (25 cm high). A glass sintered sieve (100-160 µm pores, ∅ = 15
cm, 0.8 cm thick, porosity 0.4 m3/m3) separated the sections, preventing soil to enter into
the reservoir but allowing gas diﬀusion from the reservoir to the top part. A glass Bell
jar (75 cm high, ∅ = 10 cm) was placed over the plant, forming a headspace sealed at
the bottom by the water layer. Before the plants were inserted, the reservoir was carefully
ﬁlled with cold boiled water (to reduce the dissolved gases). During the experiments the
water was continuously stirred with a magnetic stirrer. The plants were selected from the
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Figure 6.1: The experimental set-up of the plant jar. The plant was transplanted to the
jar days before the experiment. The SF6 and
13CH4 were injected simultaneously.
breeding tray and placed in the top part of the jar. Care was taken not to disturb the
structure of the soil and roots during the transfer.
The diﬀusion transport of 13CH4 and
13CO2 was followed using SF6 gas as tracer. This
gas was monitored on-line by the photoacoustic (PA) detector. SF6 was chosen for several
reasons: it has a very low detection limit for the photoacoustic detector (≈ 5 ppt, see
chapter 2), it is biologically inert, and it contains no C-atoms so that oxidation of SF6 (by
the CuO-catalytic converter, see below) will not produce CO2 that pollutes the isotope
measurements.
Before the measurement started, samples of CO2 and CH4 were taken to determine
the background isotope ratio. At t = 0, 6 ml 13CH4 and 0.5 ml SF6 were injected in
the reservoir of one plant (the so-called ’enriched’ plant), while in the reservoir of the
’reference’ plant only 0.5 ml SF6 was injected. The amounts were well below the maximum
solubility (with respect to the reservoir volume) of the individual gases (Henry coeﬃcients
at 20◦C: SF6 kH = 2.4×10−4 mol/(kg(H2O)·bar), CH4 kH = 1.3×10−3 mol/(kg(H2O)·bar),
Borchers et al. 1969), and the gases dissolved quickly.
A continuous air ﬂow of three litres per hour (φcar) over the plant that entered at the
bottom of the headspace and left at the top, carried the gases that were emitted by the
plant to the sampling and analysis lines (ﬁg. 6.2). This ﬂow through the Bell jar was too
low to decrease the air humidity below saturation. To reduce condensation, the air was
circulated with a small pump through a water condenser (ﬁg. 6.1) and a heating wire was
wrapped around the Bell jar. However, condensation could not be fully prevented.
The 3 l/h air ﬂow through the headspace made it necessary to increase the CO2 concen-
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Figure 6.2: Experimental set-up for the oxidation experiment. The rice plants are shown
on the left, right from these the concentration monitoring lines. Further to the right the
CO2 and CH4 sample lines are shown. Scrubbers for water are indicated as S(H2O) and
for CO2 as S(CO2). The boxes indicated with ’Cat.’ are the catalysts to oxidise the CH4.
tration in the air to about 0.1%, to provide the plant with enough CO2 for photo-synthesis
at day time. After passing the plant, the air ﬂow was split: 0.5 l/h was used to monitor
the CO2, CH4 and SF6 concentrations in the air ﬂow (monitoring lines). The rest was used
to ﬂush the sampling bottles in the sample lines (ﬁg. 6.2).
In the monitoring lines, the concentrations from the isotope enriched plant and the
reference plant were alternatively determined, switched by computer controlled valves (the
ﬂows over the plants were maintained at all times). Electrical mass ﬂow controllers (Brooks
5850S) controlled all ﬂows. The total CO2 and CH4 concentrations were measured with a
non dispersive infrared detector (Hartmann & Braun, Uras 10E) and the SF6 was measured
with a laser based photoacoustic set-up (chapter 2). At the beginning of the monitoring
line, the water vapour was removed from the air ﬂow with a CaCl2 scrubber, before de-
tecting CO2, CH4 or SF6. The Uras had a detection range of only 0-300 ppm for CO2,
while concentrations in the headspace were 10× higher. Therefore, the CO2 concentration
was measured in a separate branch and diluted with Nitrogen before measurement. In the
other branch the CH4 was measured by the same Uras 10E detector (detection range for
CH4: 0-800 ppm), and after that the CO2 was removed with a NaOH scrubber to facilitate
SF6 detection (required for photoacoustic detection).
Further to the right in ﬁgure 6.2 two sample lines, one for each Plant, are shown.
Each line contained two sample bottles, being ﬂushed continuously. The ﬁrst bottle was
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used to collect a CO2-sample, the second bottle was used to collect a CH4-sample. Before
the CO2-sample bottle the water vapour was removed with a CaCl2 containing scrubber.
After the CO2-sample bottle, the CO2 was removed with a scrubber containing NaOH and
CH4 was oxidised to CO2 with a Cu(II)O catalytic converter (Cat.) and collected. The
CO2-sample, resulting from oxidising the CH4 will (consistently) be referred to as the CH4-
sample. Note that the CH4 was not removed from the air in the CO2-samples. CH4 has a
low condensation temperature and can therefore easily be separated from CO2 during the
preparation of the isotope ratio measurements.
A temperature regulated oven of 2.5 kW heated the CuO-catalytic converter (Philips
Elect. Ovens) set to about 1000◦C. The inner diameter of the oven was 7 cm, it was
49 cm high and ﬁlled with sand to provide a good temperature transfer to the catalytic
converter (made from quartz). The volume of the catalyst was 50 ml ﬁlled with sintered
Cu(II)O (Merck, pro analysi). Cu(II)O is powdery, it was sintered before the experiment
at a temperature of 1055◦C to obtain larger particles.
The sample bottles were 2.5 litre and entirely made of glass. A viton o-ring high vacuum
tap (Louwers-Hapert) was installed at the entrance and exit of each bottle. Using a time
switch and 3-way electronic valves, the air ﬂow through the bottles was controlled. Half a
hour before the day period started the contents in the sample bottles was isolated.
6.2.3 Isotope ratio measurement
The isotope ratios were determined at the Centre for Isotope Research (CIO), University of
Groningen (the Netherlands). First the CO2 from the air in the sample bottle was extracted
using the set-up depicted in ﬁgure 6.3. Brieﬂy, the method is described as follows: after
the system was evacuated, tap 1 and 3 were closed, the bottle taps opened and the CO2
trap cooled with liquid air. The air from the bottle was circulated for 45 minutes to ensure
that all CO2 was trapped in the CO2-trap. By closing the sample bottle and pumping the
system, the air in the CO2 trap was removed. The frozen CO2 in the CO2-trap was then
transferred to the CO2-ﬂask by cooling the ﬂask with liquid air while at the same time
raising the temperature of the CO2-trap to that of CO2 ’dry ice’ (to continue trapping the
inherently trapped H2O). To this end tap 1, 2 and 4 are closed and tap 3 open (see ﬁg.
6.3).
The CO2-samples were then analysed on a Micromass SIRA 9 (used for the CO2-
samples) or a Micromass OPTIMA (for CH4) dual inlet isotope ratio mass spectrometer.
The internal machine precision of the SIRA 9 is 0.02; it requires at least 1 ml of pure
CO2 gas (atm. press) in the ﬂask. The OPTIMA could handle smaller samples, down to
0.1 ml CO2 gas (atm. press.), with an internal precision of < 0.01. However, at the
high isotope ratios measured for the methane the error is caused rather by inaccuracies
and non-linearities of the slope of the calibration curve (Meijer et al. 2000). The absolute
accuracy of our measurements is therefore estimated to be ±0.05, the additional relative
accuracy is 0.2% of the measured value. The CO2 extraction system added no signiﬁcant
fractionation.
The carbon isotope ratios are expressed as δ13C () values, relative to the isotope
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Figure 6.3: The system to extract the CO2 from the sampled air before the isotope ratio
was measured. After connecting the bottle the system was evacuated. By closing tab 1
and 3, opening the bottle tabs, cooling the CO2 trap with liquid air and circulating the
air (with the circulation pump) the CO2 and H2O is collected in the CO2-trap. Next,
the system was evacuated and the CO2 was pumped cryostatically to the CO2 ﬂask. The
circulation pump is the circular object in the centre of the picture.
standard Vienna Pee Dee Belemnite (VPDB) (Gonﬁantini 1984) given as:
δ13C =
(13C/12C)sample
(13C/12C)V PDB
− 1 (6.1)
where (13C/12C)sample is the carbon isotope ratio of the sample and (
13C/12C)V PDB that of
the standard (deﬁned to be 0.0112372). Using equation 6.1, the net diﬀerence in emission of
carbon-13 ([13C]net) between the enriched plant and the reference plant is found (assuming
Cenrm ≈ [12C] of the enriched plant):[
13C
]
net
= Cenrm
(
13C/12C
)
V PDB
(
δ13Cenr − δ13Cref
)
. (6.2)
With this equation the net concentration of 13CO2 (or
13CH4) in the headspace is calculated
from the total (both isotopes) CO2 (or CH4) concentration (C
enr
m )
1 and the diﬀerence
in isotope ratios measured at the enriched (δ13Cenr) and reference plant (δ
13Cref ). The
diﬀerence in isotope ratio between the reference and the enriched plant (δ13Cenr−δ13Cref ),
can be calculated subtracting either the overall average of the reference plant isotope ratio,
or each individual measurement (point by point subtraction of the reference) from those of
1isotope concentrations are given as [xC]’s, concentrations in general with C.
76 CHAPTER 6. METHANE OXIDATION IN THE RHIZOSPHERE
the enriched plant. In the ﬁrst method the isotope ratio of the reference plant is assumed
to be unaﬀected by the measurement, while the second method corrects for a trend in the
isotope ratio caused by the experiment. In the experiments the point by point subtraction
is used. The initial diﬀerences in δ13C-values between the plants (ﬁrst point) is additionally
added or subtracted to obtain a zero emission before the injection of 13CH4.
The oxidation fraction is given by:
Oxidation fraction =
[13CO2]
[13CO2] + [13CH4]
. (6.3)
The CO2 and CH4 concentrations measured in the headspace are converted to emissions
of the plant Fx (m
3/h, the x denotes CH4 or CO2) in order to compare them with the
calculated diﬀusion ﬂow. In the experimental set-up CO2 and CH4 emitted by the plant
mix with the carrier ﬂow (φcar, m
3/h) through the headspace. The emission from the plant
is negligible compared to the carrier ﬂow, therefore the exit ﬂow of the headspace is equal
to the carrier ﬂow:
φcarCcar + Fx = φcarCm (6.4)
with Cm (m
3/m3) the measured concentration (of either CO2 or CH4) and Ccar the concen-
tration (of either CO2 or CH4) in the carrier ﬂow before it entered the headspace. Before
the headspace the carrier ﬂow does not contain CH4 (Ccar = 0), so for the
13CH4 ﬂow out
of the plant we get:
FCH4 = φcar
[
13CH4
]
net
the value of [13CH4]net is found using equation 6.2. For CO2, the situation is slightly more
complicated since the air into the headspace contains CO2 with natural abundant
13CO2
for both the enriched plant and the reference plant as the plants need CO2. We have
measured its value to be −29.87. Since we take the diﬀerence between the δ13C of the
enriched and reference plants in equation 6.2, the contribution of the carrier gas cancels,
so for the 13CO2 ﬂow out of the plant we get:
FCO2 = φcar
[
13CO2
]
net
.
6.2.4 Oxidation measured with acetylene and N2 as inhibitors
We also performed oxidation eﬃciency measurements using inhibitors. These measure-
ments are relatively easy, once the experimental set-up is in place and by performing this
type of measurements as well, we can compare our experiments with results reported in
the literature (table 6.1). This would show how well our experimental set-up resembles
those of other researchers. It will also show diﬀerences between the inhibitor method and
our new isotope labelling method, thereby addressing experimentally the points raised in
the introduction.
We determined the CH4 oxidation for the plants of experiment 3 and for two extra plants
using inhibitors. Firstly the CH4 emission rate was quantiﬁed, next 0.01% of acetylene
(C2H2) was added to the headspace and after 24 hours the headspace was ﬂushed and the
CH4 emission was measured again. From the two measurements of the CH4 emission rate,
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the oxidation fraction was calculated. The procedure was repeated for the same plants
using pure N2 as inhibitor.
6.2.5 Diﬀusion properties of SF6 CH4 and CO2
The 13CH4 as well as SF6, injected in the reservoir, will diﬀuse into the soil (ﬁg. 6.1). SF6
was used as an independent tracer for the diﬀusion path length. The diﬀusion coeﬃcient of
CH4 (and
13CH4) in water is 1.83× 10−5 cm2/sec, that for CO2 (and 13CO2) is 1.84× 10−5
cm2/sec (Borchers et al. 1969). The diﬀusion coeﬃcient of SF6 in water was determined in
chapter 5 of this thesis to be 1.2×10−5 cm2/sec. The diﬀusion through the ﬁlter separating
the reservoir from the soil column is treated as if it takes place through soil.
The diﬀusion porosity correction factors (for SF6 and C2H4) in clayey soil are εD = 0.72
and εA = 0.70 (see chapter 5). In chapter 5 a delay in the diﬀusion of SF6 was measured
which was explained by the Langmuir adsorption model. Describing SF6 diﬀusion required
also two adsorption parameters ke and Γmax. In chapter 5 we found for these parameters
the values ke = 603 and Γmax = 5.1× 10−6 (mol(SF6)/kg(clay)). CH4-diﬀusion is assumed
to be described with the same porosity correction factors as for SF6 and C2H4. Like C2H4
no adsorption is expected in describing the diﬀusion for CH4.
6.3 Transport Models
The measurement of the oxidation fraction in the rhizosphere of rice plants is the primary
result of this research; yet an evaluation of the diﬀusion path is necessary to provide more
insight into the diﬀusion process involved. The rhizosphere near the edges of the soil
column can be disturbed causing the oxidation to be lower than the oxidation in bulk soil.
The diﬀusion length should therefore be larger than the rhizosphere thickness. On the
other hand the soil may also contain cavities and cracks through which methane diﬀusion
is diﬀerent from the bulk soil or the soil water may not be stagnant during the experiment.
A proper ﬁt of the measurements with a diﬀusion model does not eliminate these errors,
but makes it less likely that they signiﬁcantly inﬂuence the results.
The diﬀusion coeﬃcient in soil saturated with water depends on the open fraction in the
soil. In the previous chapter the diﬀusion process is determined for fully water saturated
soil (without air bubbles). We repeat this approach here.
In the experimental set-up only an extremely small portion of the isotopically labelled
methane, diﬀusing from the reservoir into the soil, will be able to diﬀuse through the full soil
layer (≈ 15 cm thick) and reach the top (without diﬀusion through the plant). Therefore
we may neglect this eﬀect and describe the soil layer thus as half inﬁnite. Consequently
all labelled methane and SF6 that is detected in the headspace is assumed to be emitted
by the plant.
There are now two extreme simulations thinkable: either the amount of gas that enters
the plant is low (low emission), such that it does not disturb the concentration distribution
in the soil (which is then equal to the distribution in a half inﬁnite medium), or the amount
that enters the plant is high (high emission) causing all labelled methane and SF6 to enter
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the roots nearest to the reservoir. In the latter situation the concentration gradient occurs
entirely over the layer of soil between the reservoir and the lower roots. These two extreme
cases are applied in two diﬀusion models in the next two sections.
6.3.1 Low emission by the plant
If assuming low emission of labelled methane by the plant, only a small portion of the gases
in the soil water will enter the plant and the concentration distribution will resemble the
concentration distribution in soil without the plant (the plant is no signiﬁcant sink).
The concentration distribution (at ﬁrst approximation) resulting from diﬀusion from
the reservoir into the soil layer (the latter taken to be half inﬁnite) is given by:
C(x, t) = Crerfc
xl
2
√
Det
(6.5)
(Crank 1975) where Cr is the concentration in the reservoir, xl is the diﬀusion distance,
De the eﬀective diﬀusion coeﬃcient and t the time.
The eﬀective diﬀusion coeﬃcient De in soil is lower than diﬀusion through bulk water.
This reduction depends on the open fraction of the soil. For the soil used in our experiment
we found in the previous chapter:
De = εDD
w (6.6)
where Dw is the diﬀusion coeﬃcient in bulk water, εD the porosity correction factor for
diﬀusion and θ the open fraction of the soil (θ = 0.54). The total amount of methane S,
having passed the reservoir/soil interface (sieve) as function of time is (Crank 1975):
S (t) = 2AeCr
√
Det
π
(6.7)
in which (see previous chapter)
Ae = εAθAs
the eﬀective exchange cross section and As the surface of the soil/reservoir interface (i.e.
the surface of the glass sieve).
Equations 6.5 and 6.7 are only valid when the reservoir concentration remains constant.
Our reservoir was of limited volume so the concentration in the reservoir decreased with
time. Calculating this decrease we ﬁnd that after 200 hours the concentration in the
reservoir will be 20% lower (assuming a half inﬁnite soil layer without a plant). This
implies that the emission calculated by equation 6.5 will be too high, but the surplus will
be only about 10% after these 200 hours.
The emission by the plant of SF6 and
13CH4 is ﬁtted by adjusting the diﬀusion length
xl, such that the measured emission corresponds with the calculated emission. In the
experiment, the emission by the plant is in principle also limited by the diﬀusion through
the plant. However, the diﬀusion through the soil appears to be rate limiting, therefore
the diﬀusion through the plant is always in steady state and given by Fick’s ﬁrst law.
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The concentration in the headspace is negligible compared to the concentration in the soil,
which makes the diﬀusion through the plant proportional to the concentration in the soil.
The two properties of the plant that play a role in the diﬀusion process, the plant’s open
cross section and the diﬀusion length of the plant, are assimilated in a scaling factor f (a
constant for each plant), because these plant properties are diﬃcult to measure. The plant
emission ﬂow Fp, then becomes:
Fp = f · C (xl, t) . (6.8)
The total diﬀusion ﬂow through the plant is found by combining equation 6.5 and equation
6.8.
Fp = f · Cr (0) erfc
(
xl
2
√
Det
)
(6.9)
where Cr(0) is the reservoir concentration at t = 0. Besides adjusting xl also f is adjusted
in the ﬁts. However, it is not presented in the results, because the plant emission gives no
feedback to the concentration distribution (since the model assumes the plant’s inﬂuence on
the soil diﬀusion process to be negligible) and the value for f therefore gives no additional
information about the diﬀusion process.
6.3.2 High emission by the plant
In case the plant is a large sink for gas depletion of the soil, the diﬀusion of tracer gases
is modelled by diﬀusion through the soil layer, between the reservoir and the plant roots.
Diﬀusion transport through the plant is so fast that the diﬀusion resistance through the
plant can be neglected (diﬀusion through air is much faster than through water). As a
result, the concentration of the gases in the roots is zero.
This problem is solved numerically. The diﬀusion of gas through the soil column is a
one-dimensional diﬀusion problem, given by Fick’s second law:
∂C
∂t
= De
∂2C
∂x2
(6.10)
with De the eﬀective diﬀusion coeﬃcient in soil. The concentration distribution is calcu-
lated using Euler backward recursion, the simplest stable numerical method (Isaacson and
Keller 1966). The discretisation of equation 6.10 gives:
Ci (t)− Ci (t−∆t)
∆t
= De
Ci+1 (t)− 2Ci (t) + Ci−1 (t)
∆x2
(6.11)
where Ci(t) is the concentration at position i. This represents a matrix calculation, how-
ever, due to the Euler backward method this equation is implicit (C(t − ∆t) is the con-
centration distribution calculated from the concentration distribution at time t; C(t). It
is necessary to calculate the inverse of the matrix, this is done using the triangular matrix
decomposition.
The boundary conditions for the calculation are the concentration in the reservoir and
the concentration in the plant roots. The volume of the reservoir is limited and diﬀusion
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Figure 6.4: Behaviour of the high-emission model when changing the xl and Ae with
30%. Note that a change in Ae acts as a multiplication while a change in xl also aﬀects
the rise time.
of tracer gases from the reservoir into the soil reduces the concentration in the reservoir.
The rate of diﬀusion through a layer is calculated using Fick’s ﬁrst law:
F (t) = −AeDe∆C
∆x
(6.12)
with ∆C
∆x
being the concentration gradient. The concentration in the reservoir Cr (t), is
calculated from the amount of tracer gas at the previous time and the diﬀusion through
the lowest soil layer:
Cr (t) =
1
Vr
(
S (t−∆t)− AeDeC1 (t)− C2 (t)
∆x
)
.
with S (t−∆t) the amount of tracer gas at the previous time step and C1 (t) and C2 (t)
the concentrations below and above the lowest soil layer. The concentration in the roots
is assumed to be zero (diﬀusion through the plant is much faster than through the soil).
The soil column is divided into m sub-layers with thickness ∆x. For our calculations the
soil was divided into 40 layers (m = 40) and the time in 3000 steps.
The concentration development with time resulting from the calculation is used to
calculate the emission by the plant. The emission of tracer gas into the headspace is
proportional to the gradient in the top of the soil layer (the plant is no resistance). This
gradient is best approximated by the gradient over the last sub-layer of soil just below the
roots. Fick’s law applied over this sub-layer given by:
Fp (t) = −AeDeCm−1
∆x
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with Cm−1 (t) the concentration one sub-layer away from the plant.
Fitting the calculated ﬂow to the experiments is done by adjusting the exchange surface
Ae and diﬀusion length xl. In ﬁgure 6.4 the behaviour of the model is shown by changing
Ae and xl by 30%. Ae acts as a multiplication factor while xl also aﬀects the rise time.
6.3.3 13CO2 exchanged in the soil
The 13CH4-tracer is partly oxidised to
13CO2 in the rhizosphere of the lower roots. As CO2
is well soluble in water the 13CO2 is exchanged with the large buﬀer of CO2 dissolved in
the soil water. Therefore only part of the produced 13CO2 will be emitted (directly) to
the atmosphere contrary to the 13CH4 itself, for which the buﬀer is negligibly small. The
result is therefore that the emission of 13CO2 underestimates the oxidation of
13CH4 in the
rhizosphere.
The diﬀusion of 13CO2 is, however, limited to the rhizosphere (the roots are a sink), and
therefore the buﬀer size is equal to the rhizosphere volume of the lower roots (volume Vex).
The 13CO2-production in the rhizosphere and the exchange with the atmosphere of this
restricted volume slowly approaches equilibrium. Assuming a constant 13CO2 production
(while in reality this depends on the 13CH4-concentration) we ﬁnd:
F
(
13CO2
)
= Fmax
(
1− e−t/τ) (6.13)
where the time to reach steady state is τ = Vex/φ, the ratio of the exchange volume Vex
(m3) and the 13CO2-production rate φ (m
3/sec) in the rhizosphere. The steady state value
of the emitted 13CO2 is Fmax. The values for Fmax and τ were used as ﬁt parameters to ﬁt
this model to the measured curves.
This model is limited by the assumption of a constant production in the rhizosphere.
Initially the 13CH4 is zero and therefore τ will be shorter in reality.
6.4 Results
6.4.1 Oxidation fraction
Figure 6.5 shows the total CO2 and CH4 concentrations of the enriched and the reference
plant for each of the three experiments. In experiment 3 a major rise in the CH4 con-
centration is visible. The δ13C isotope ratios for the CO2 and the CH4 of enriched and
reference plants are shown in ﬁgure 6.6. The ﬁrst two experiments (1 and 2) show a clear
isotope enrichment for both CH4 and CO2. The third experiment showed a much smaller
diﬀerence in the CO2 isotope ratio between the enriched plant and the reference plant. The
enrichment in 13CH4, however, is still clear.
Using the CO2 and CH4 concentrations and isotope ratios as displayed in ﬁgures 6.5 and
6.6, the 13CO2 and
13CH4 are calculated using equation 6.2. They are presented in ﬁgure
6.7A and B. The oxidation fractionations are calculated from the last measured isotope
concentrations in ﬁgure 6.7A and B (at about 200 hours) using equation 6.3. The results
are shown in the ﬁrst column of table 6.2.
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Figure 6.5: Total CO2 and CH4 emission of the enriched plant () and reference plant
(◦) in experiment 1, 2 and 3. The CO2 concentrations presented in this ﬁgure are the
concentrations at night, at the same time the isotope samples are taken. At day time
the concentration drops to zero due to consumption by photosynthesis. The dashed line
indicate the day to day variation. At t = 0 the injection of the 13CH4 (and SF6) is made.
Table 6.2: Oxidation fractions of the tracer experiments and the inhibitor experiments
(with CH3F and N2). The latter were only performed on the plants of experiment 3 and
two extra plants.
Oxidation frac. Oxidation frac. Oxidation frac.
from 13CH4 (%) using CH3F (%) using N2 (%)
Exp. 1 6.8± 0.3 – –
Exp. 2 4.5± 0.2 – –
Exp. 3 0.02± 0.001 4.2± 1.6 4.3± 3.7
Extra plants – 5.9± 8.5 3.9± 4.0
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Figure 6.6: The δ13CO2 and δ13CH4 values of the three measurements (compared to
the VPDB reference value). The symbols for the enriched plant are , for the reference
plant ◦. The δ13CO2 values for the reference plant originate from the ’chemistry’ in the
bacteria. The same is true for the δ13CO2 values of the enriched plant but the CH4
oxidising bacteria in this plant consume 13C-enriched CH4 (injected in the reservoir).
Diﬀerences between the enriched and the reference plant may therefore be caused by
diﬀerent bacteria populations or diﬀerences in the diﬀusion process. A higher δ13CO2
value for the reference plant is caused by a slightly diﬀerent ’chemistry’. The δ13CH4 is
not depending on the bacterial ’chemistry’ because the enrichment is very high.
The 13CH4-tracer measurements show an oxidation fraction of around 5% for experiment
1 and 2, but in contrast experiment 3 basically gives 0%. That no oxidation was measured
in experiment 3 was entirely due to the very low diﬀerence in δ13CO2 between enriched and
reference plants; all other measurements were similar to the other 2 experiments including
the measured SF6-tracer. The plants of experiment 3 were also (afterwards) used for
additional inhibitor measurements together with two additional plants. Results gave an
oxidation ratio of around 5% (2nd and 3rd column in table 6.2), but the error is about as
large as the measured value itself. Therefore these results are of limited value only and
they cannot clarify the deviating oxidation results for experiment 3.
The accuracy in the oxidation fraction depends in the ﬁrst place on the accuracy of the
CO2 and the CH4 concentration measurement, both have errors of 3%. The precision in
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Figure 6.7: A) 13CO2 trend and B) 13CH4 trend for the experiments 1 (), 2 (◦) and 3
(*). At time t = 0 the injection of 13CH4 (and SF6) was made.
determining the isotope ratio was very high and therefore did not contribute to the total
error. The accuracy in 13CH4 was thus fully determined by the concentration errors. For
13CO2, however, the largest inaccuracy is caused by the ’choice’ of the background level (for
which we use the 13CO2 level of the reference plant). The background was subtracted point
wise (the net enrichment was calculated by subtracting the isotope ratio of the reference
plant from the isotope ratio of the enriched plant, see ﬁg. 6.6 and eq. 6.2), however,
we are unable to estimate the impact of this choice. Another method (for instance using
the average) give slightly diﬀerent results. The 13CH4 emission was not aﬀected by the
uncertainty of the background level due to the high enrichment values. Finally, the error
in the oxidation fraction becomes 4%.
After the experiments, the oxidation eﬃciency of the CuO-catalytic converter was found
to be reduced, probably due to poisoning with sulphur compounds of the catalytic con-
verter (Kroschwitz and Howe-Grant 1995), since the catalytic converter also functioned as
an eﬀective scrubber for SF6 (the amounts of SF6 were too low to cause this reduction).
Although an incomplete oxidation in principle can introduce fractionation eﬀects, it is un-
likely that this happened in our experiments, since the isotope ratios of the reference plants
were similar in all the experiments. Furthermore, thanks to the high δ13CH4 enrichment,
results are very insensitive to such fractionation eﬀects.
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Figure 6.8: The emission of 13CH4 () and SF6 (◦) in m3/h by the plant. The best ﬁts
of the calculated emission assuming high emission by the plant (—) and assuming low
emission by the plant (- - -) are also used to determine the diﬀusion length and exchange
cross section.
6.4.2 Diﬀusion distance assuming low emission by the plant
Simultaneously with the 13CH4-tracer, SF6 was injected as an inert tracer gas to follow
diﬀusion transport. The emission of the tracer gas was measured on-line and was used
as a check on the methane emission determined by isotope ratio measurements. Using
the analytical semi-inﬁnite diﬀusion model (low emission by the plant), the soil diﬀusion
length (the average distance xl of the plant roots to the reservoir) of the enriched plant was
determined. This length includes the sieve thickness of 8 mm. The results are presented
in the ﬁrst column of table 6.3. The corresponding ﬁt curves are presented in ﬁgure 6.8
(dashed lines) together with the measured SF6 (◦) and 13CH4-tracer emissions (). The
fractions (%) of the injected SF6 and
13CH4 emitted by the plant are given in column 4
and 5. These large fractions show that the assumption of a low emission by the plant is
not a safe one, and probably not valid at all.
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6.4.3 Diﬀusion distance assuming high emission by the plant
The root-reservoir distance xl and exchange surface Ap for the high emission model are
given in column 2 and 3 of table 6.3 and the corresponding ﬁt curves in ﬁgure 6.8 (solid
lines), with the measured emission of SF6 (◦) and 13CH4-tracer (). The distances shown
in table 6.3 are larger than the lengths calculated with the low emission model but still
contain the sieve thickness (8 mm). Subtracting this shows rather small diﬀusion lengths
through the soil. The diﬀerences in xl and Ap while ﬁtting either the SF6 or the
13CH4
emission is indicated with the errors in table 6.3. The curves using the high emission model
ﬁt better than the low emission model.
6.4.4 Origin of the 13CO2
In ﬁgure 6.7 we can see that the rising time of the 13CO2 concentration is longer than that of
the 13CH4 concentration. The
13CO2 concentration does not reach steady state completely
during our experiments, while for 13CH4 it is reached at about 50 hours. The decline in
13CH4 concentration (ﬁg. 6.7B) results from the decrease in reservoir concentration.
The delay in the rise of the 13CO2 is the result of the exchange with the CO2 in the
soil (dissolved and adsorbed). Microbial growth, triggered by the applied 13CH4, cannot
explain this delay, because the relative contribution of the 13CH4-tracer to the total CH4
concentration in the soil is negligibly small (typically 1 to 2%, compare ﬁg. 6.5 with 6.7B).
The CO2-exchange model (eq. 6.13) describing
13CO2 exchange with the CO2 in the soil
water is ﬁtted to the experimental data and the values of Fmax and τ are presented in
columns 6 and 7 of table 6.3. The ﬁts to the experimental curves are shown in ﬁgure 6.9.
The model does not agree with the emission in experiment 3 (mind that the emission in
experiment 3 is about an order of magnitude smaller than in the other 2 experiments). The
measured 13CO2 emission at the end of the experiments 1 and 2 appears to be almost in
steady state, the values are respectively 88% and 99% of the modelled steady state values
Fmax.
6.5 Discussion
The measured total emitted fraction of the injected SF6 and
13CH4 (column 4 and 5 of
table 6.3) is about 10% for SF6 and 30-50% for the
13CH4-tracer. The assumption of a
small change in reservoir concentration (section 6.3.1) is therefore not realistic and a high
gas emission by the plant should be assumed (section 6.3.2), which is conﬁrmed by the
better ﬁt of this model (ﬁg. 6.8). However, the calculated root-reservoir distances (table
6.3) are not very diﬀerent for both models, although the high emission model for the plant
generally results in a larger root-reservoir distance.
The found root-reservoir distances are average diﬀusion distances. The diﬀusion path
in the experiments, however, started with an 8 mm thick sieve with a bulk density equal
to that of the soil. This implies that the diﬀusion through soil is only a few millimetres,
certainly for the ﬁrst measurement. The roots active in transporting the 13CH4 to the
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Figure 6.9: The 13CO2 emission measured in the experiments ﬁtted with the CO2
exchange model. The used values for Fmax and τ are presented in table 6.3.
atmosphere, are almost touching the sieve. This could inﬂuence the rhizosphere thickness
around them and because of that the methane would have a larger chance to ’escape’
oxidation by bacteria. Thus the oxidation observed in our experiments may be lower than
the oxidation in bulk soil. On the other hand, the root-reservoir distance is an average
value (only a small fraction of the roots touches the sieve) and bacteria also migrate into
the sieve. The roots themselves provide organic matter to feed on.
The oxidation fractions measured were those from the lower roots, because the 13CH4
was applied below the plant. Still the measured oxidation does not need to be corrected
for the fact that the 13CH4 does not reach the higher roots. Thanks to the isotope labelling
technique, the methane produced and oxidised at the higher roots is implicitly subtracted
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as background.
The oxidation fractions measured for experiment 1 and 2 are about 5%, while for the
third experiment it is much lower. The observed diﬀerences between this experiment and
experiment 1 and 2 are: (1) a larger increase in methane emission during the experiment
(ﬁg. 6.5), (2) a low diﬀerence in δ13CO2 emission between the enriched and the reference
plant (ﬁg. 6.6) and (3) 13CH4 and SF6 emission curves which ﬁt diﬃcult to the results
of the diﬀusion models (ﬁg. 6.8). Of these three points, especially the second one leads
to the almost zero oxidation fraction. However, although the methane production in the
soil rose during the experiment, the emission of the injected isotope labelled methane
remained comparable to the emission of experiment 1 and 2 (ﬁg. 6.7B). The cause of the
low oxidation was therefore not due to malfunctioning of the gas detection, but rather to
a ’real’ low oxidation by bacteria, or eventually to gas bubbles in the soil.
6.6 Conclusions
The reported oxidation fractions in the literature of methane transported via rice plants
(table 6.1) show large variation. Of the various methods used to date, that of the inhibitors
CH3F or C2H2 is the best choice to determine the methane oxidation, and it yields the most
consistent oxidised fraction, between 0-20% (table 6.1). However, with these methods the
results can still be inﬂuenced by unwanted side eﬀects of the inhibitor on other bacteria.
In the present experiments a new method is used, based on the addition of 13C-
substituted methane, and subsequent 13C-isotope ratio measurements of both methane
and CO2 in the headspace above the rice plant. Further the inert tracer gas SF6 is used to
determine the gas diﬀusion characteristics. We determined oxidation fractions between 0
and 7%. Although the exchange of 13CO2 with the soil water lowered the emission in the
experiments, the measured emission towards the end of the experiment was close to steady
state. We conclude that the overall methane oxidation is probably quite low (≤ 7%) for
the complete soil-plant systems, although the variation among plants can be large.
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Abstract
The relation between external gas conditions and storage life time was investigated thor-
oughly in the past and the external gas concentrations were determined to maximise the
storage lifetime. Internal gas concentrations determine the metabolic processes in a fruit.
However, the relation between external and internal gas concentrations is not known ac-
curately for some fruits, for instance pears.
This relation is hard to measure for pears and in this report we introduce the gas
exchange time and the normalised diﬀerence of the gas exchange time as practical pa-
rameters for the exchange properties of the fruit and the internal concentration gradient,
respectively. The use of the gas exchange time can also be extended to monitor the diﬀer-
ence in resistance caused by the growing conditions at two diﬀerent orchards, the diﬀerence
in resistance caused by diﬀerent picking dates and the change in resistance caused by ripen-
ing during storage. The advantage of using this parameter is that the fruit does not need to
be enclosed in a cuvette. Furthermore, it is a method with a high accuracy. This is partly
caused by the fact that, unlike in skin resistance comparisons, comparing gas exchange
times of fruit does not require any fruit dimensions (is measured directly).
7.1 Introduction
Storage of Conference (Pyrus communis L.) pears is a diﬃcult and subtle process. The
pears have to be picked at the right time and chilled under the proper gas conditions
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(Schaik and Roelofs 1995). Gas exchange by pears is determined by the skin and pulp
permeability for gas. A gas like oxygen is required in the metabolic processes of a cell and
it diﬀuses from outside the fruit through the skin into the pulp. If the pulp is impenetrable
for gas only cells in the periphery of the pear are supplied with oxygen, while the cells in the
core experience anoxic gas conditions. Metabolic processes determine fruit storage because
they provide energy to the cells for maintenance. Therefore, the metabolic processes are
determined by the gas transport properties of the fruit.
In literature, measurements of the gas transport properties of apples were reported in
which the internal diﬀusion was neglected (Banks 1985; Burg and Burg 1965; Knee 1991;
Peppelenbos and Jeksrud 1998). This was justiﬁed because the internal gas fraction in
apples was 20-30%, which caused the internal diﬀusion to be a fast process. The apple
could then be assumed to be hollow, with only the skin resistance determining the gas
exchange. In Conference pears the gas fraction is only 5% (Calbo 1986). Therefore, the
gas diﬀusion in pears will be lower than in apples and probably not negligible.
Instead of measuring the skin resistance we like to know the inﬂuence of the internal
diﬀusion resistance to the gas exchange. In other words we like to know the concen-
tration gradient in the pear during gas exchange. A low internal concentration gradient
makes the metabolic processes in the fruit uniform. Cameron and Yang (1982) and Banks
(1985) provide methods to measure the skin resistance, but this is insuﬃcient because the
combination of skin resistance and internal resistance determine the internal concentra-
tion gradient. Rajapakse et al. (1990) determined the internal concentration gradient by
extracting gas samples from the core and just below the fruit skin for Asian pears. He
reported that 15 to 30% of the concentration gradient between the pear-core and outside
was caused by the pulp but the internal gas volume of the Asian pears was only 1.7 to
2.5% (the pear-types were Hosui and Kosui).
We will show, in this chapter, that the internal concentration gradient can be identi-
ﬁed by the diﬀerences in gas exchange time, when measured at diﬀerent positions on the
fruit (called normalised diﬀerence). The normalised diﬀerence is a measure for the internal
concentration gradient, the gas exchange time itself is a measure for the combined skin
and pulp resistance of the fruit. During ripening the internal resistance of the pear in-
creases. During ripening the cell membranes in the fruit brake down and the inter-cellular
spaces in the fruit are ﬁlled with the cell content (Ben-Yehoshua et al. 1963; Burton 1982;
Kader et al. 1989; Rajapakse et al. 1990). The gas exchange time is therefore used to fol-
low fruit ripening. An additional advantage of using the gas exchange time is that the fruit
does not need to be enclosed in a cuvette. Ripening of fruit can therefore be determined
in relation to conditions in bulk storage.
The skin and pulp resistance are inﬂuenced by the growing conditions too. The fruit of
diﬀerent orchards or diﬀerent pickings have therefore diﬀerent gas exchange times. Addi-
tionally, we determine the skin resistance with a conventional method, using the gas chro-
matograph detection technique (Peppelenbos and Jeksrud 1998) and determine it form the
gas exchange time. If both result in the same values the internal resistance is low.
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Figure 7.1: Measuring the gas exchange time using collectors, placed against the pear
skin. Terostat was used for sealing the cuvette to the pear skin. An air ﬂow, adjusted
with the ﬂow controllers (FC), took the tracer gas emitted by the pear, to a PA-detector,
the exhaust before the collectors prevented overpressure. Two collectors were used to
monitor diﬀerences in the two sides of the pear. The valve switched from one collector to
the other automatically.
7.2 Materials and method
7.2.1 Gas exchange measurements
Pears to be measured were ’loaded’ with SF6 at room temperature in a closed cuvette
containing SF6. The SF6 concentration in the cuvette was 0.5% and the pear was exposed
for 3 hours or more. The SF6 does not aﬀect the pears, since SF6 is neither toxic nor
bioactive. After taking the pear out of the cuvette, two small collectors (volume 10 ml)
were placed at opposite sides against the skin of the pear. Due to local variations in
skin and pulp resistance, the gas exchange time may diﬀer at various positions at the
pear. Therefore, the exchange time is measured simultaneously with two collectors, each
recording the amount of SF6 emitted at that point. The collectors were positioned at the
pear’s widest diameter (ﬁg. 7.1). The collectors were sealed at the skin with Terostat-IX
(Teroson). The air ﬂowing into the collectors came from a bottle with compressed air.
With a vacuum pump the air (1 l/h) was pumped through the collectors and the SF6
(photo-acoustic) detection system. An excess ﬂow was supplied to the collectors and to
prevent overpressure (compared to outside) an exhaust was made just before the air entered
the collectors (ﬁg. 7.1).
An electronic valve just before the SF6-detection system switched automatically from
one collector to the other every ten minutes. During one such period the concentration in
the airﬂow was measured 10 times. The temperature during the measurement was 22±2◦C
(lab temperature).
In the experiment in order to determine the change in the gas exchange time as a
function of ripening, the gas exchange times of the fruits were measured several times.
In between the measurements the collectors were removed from the skin of the pear and
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the fruits were stored at room temperature, exposed to atmospheric oxygen and CO2
conditions.
In the experiment examining the eﬀect of picking date on the gas exchange properties,
pears were harvested form an orchard in Ommeren with a two-week interval, September 9
and 21, 1999, respectively. The pickings consisted of 5 pears each and were referred to as
picking 3 and 5. Picking 3 was the optimal harvest date for controlled atmosphere storage
(based on ﬁrmness of the fruits). In another experiment new pears from diﬀerent orchards
were used. Five pears were selected from an orchard in Numansdorp and 5 from Ommeren
(both in the Netherlands). These pears were from the 3rd picking date.
7.2.2 Measurement of skin resistance with conventional method
For reasons of methodology comparison, we also used a conventional skin resistance mea-
surement method (Peppelenbos and Jeksrud 1998). A pear was enclosed in a 2 litre cuvette,
and 7 ml Neon was injected via a septum. The next day the Neon concentration in the
cuvette was determined, and after this the pear was transferred to a second cuvette. The
Neon mole fraction in this cuvette was measured immediately thereafter at 8 time intervals
of 60 seconds on a gas chromatograph.
The sampled gas was led directly from the cuvettes to a gas chromatograph (Chrompack
CP 2001; Molseive A column; T = 60◦C, p = 110.3 kPa, carrier gas: He). For every sample
1.2 ml was taken from the cuvette. This resulted in a total pressure drop in the cuvette
of 3 kPa for which eﬀect the concentrations were corrected. To enable this correction the
pressure was measured (Druck PDCR 930). The free volume of the cuvettes (V0) was
calculated by subtracting the fruit volume (Vf ) from the cuvette volume.
7.2.3 Pear volume and surface
For the various measurement methods, the volume of the pear under study is needed.
Although trivial in principal, accurate determination of the volume requires some consid-
eration (the method was developed by ATO-DLO, Wageningen). The pear volume was
determined by measuring the displacement of water when the pear was submerged.
The inter-cellular gas volume of pears is about 5% and causes the pear to ﬂoat in water.
The water displaced by the pear has the same mass as the pear (Archimedes’s law). This
gives that volume below the water surface of a ﬂoating pear divided by the total volume of
the pear is equal to the density of the pear divided by the density of the water. By forcing
a complete submergence of the pear this diﬀerence in density is eliminated. Measuring
the weight of a bowl ﬁlled with water without and with a completely submerged pear (the
submerging force is externally applied) and knowing the density of the water (temperature)
the volume of the pear can be calculated. This method is easier than determining the
displacement directly.
The surface of the pears was determined from the pear radius and the pear length. The
radius was measured at the widest part of the pear. From these measures a cone-halfsphere
form was calculated with the diameter of the cone base and the diameter of the half sphere
7.2. MATERIALS AND METHOD 95
equal to the measured diameter. The total length of the cone and halfsphere equalled the
measured length. The surface of this form is calculated and used in the calculation of the
skin resistance.
7.2.4 Storage of the pears
Conference pears (Pyrus communis L.) were harvested in the Netherlands by the Agrotech-
nological Research Institute, in Wageningen (ATO-DLO). The date of harvest is called the
picking date. The pears were stored at -1◦C for one week before a controlled atmosphere
was applied. The pears were obtained from bulk storage. The Conference pears were stored
in crates (about 100 per crate) in a static system. Eight crates were placed in a 650 litre
container with a water lock, at -1◦C air temperature, 2 ± 0.1% O2 and a concentration
< 0.7% for CO2 (standard controlled atmosphere (CA) condition for ’Conference’ pears).
Relative humidity in the containers was 97-99%.
A few days before the actual measurements the pears were transferred to Nijmegen.
There the fruits were stored in a refrigerator (temperature 0 − 2◦C, without gas control)
to slow down ripening, before their gas exchange times were measured.
7.2.5 Gas exchange time and normalised diﬀerence
After the pears were loaded with the tracer gas the fruit was placed in a ’tracer gas free’
environment. Assuming no internal diﬀusion resistance, the distribution of the internal
concentration of tracer gas in the fruit Cf is uniform. The exchange of the gas in the fruit
is than determined by the skin only and is exchanged by an exponential decay (Banks
1985; Burg and Burg 1965; Cameron and Yang 1982b; Peppelenbos and Jeksrud 1998).
We deﬁne the exponential decay time of this exponential decline as the gas exchange time
of the fruit, τf :
Cf = C0e
− t
τf (7.1)
where C0 = Cf (t = 0).
The gas exchange times measured at opposite sides of the fruit when the pulp is no
diﬀusion barrier, are the same because the internal concentration is uniform. The expo-
nential decay in the emission is independent of local variations in the skin resistance. For
fruit with an internal diﬀusion resistance, the gas exchange time is a measure for the skin
and pulp resistance together. The distribution of Cf is no longer uniform but the gas
exchange time is still the time it takes to replace the internal gas volume. In case the pulp
is a barrier and the internal diﬀusion is causing an internal concentration gradient (due
to local diﬀerences in skin resistance), the gas exchange times at the opposite sides will
be related to each other by this extra resistance. A diﬀerence in gas exchange time is the
result of an internal diﬀusion gradient. We can use this because the measurement error on
the gas exchange time is very low.
We deﬁne the diﬀerence in gas exchange time, measured at opposite sides and divided
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by its average value, as the normalised diﬀerence, ∆n,g:
∆n,g =
τf − τ ∗f
τ¯f
(7.2)
with τf the gas exchange time measured by one collector and τ
∗
f the gas exchange time
measured by the other, τ¯f is the average of both τf and τ
∗
f . The normalised diﬀerence
is thus a measure of internal concentration gradient in the fruit. It will appear to be a
good tool to follow the ripening of fruit, because the internal diﬀusion resistance becomes
larger for riper fruits. The value of the normalised diﬀerence is not a quantitative measure
of the internal concentration gradient, with an other method the normalised diﬀerence in
gas exchange time has to be calibrated to the internal concentration gradient. This is
attempted in the next chapter.
7.2.6 Comparing methods using skin resistance
Skin resistance from the gas exchange time
If we may neglect the pulp resistance (that is, if the normalised diﬀerence is low), we
may ﬁnd the skin resistance from the gas exchange time. The diﬀerential equation for gas
diﬀusion through skin of a volume enclosed by the skin is then:
ds
dt
= −Af Cf (t)− Ce(t)
ρs
(7.3)
where ds
dt
is the change in the amount of internal tracer gas (m3/sec) over time dt, Ce is
the external tracer gas concentration, Af the total surface of the fruit skin and ρs the
skin resistance for diﬀusion (Banks 1985; Peppelenbos and Jeksrud 1998)1. We had no
external tracer gas concentration in non of our measurements: Ce = 0 (good ﬂushing of
the collector).
The amount of tracer gas in the fruit s is related to the concentration in the fruit Cf
as:
s = θfVfCf (7.4)
where Vf is the volume of the fruit and θf the inter-cellular gas fraction. The solution for
Cf in equation 7.3, using equation 7.4, is:
Cf = C0e
− Af t
θf Vf ρs (7.5)
with C0 the initial concentration in the fruit. The skin resistance is related to the gas
exchange time by equations 7.1 and 7.5, giving:
ρs =
τfAf
θfVf
(7.6)
1The skin resistance is given by ρs = lsDs , where Ds is the diﬀusion coeﬃcient of the tracer gas, and ls
the thickness of the skin. The skin resistance depends on the diﬀusion coeﬃcient of the tracer gas.
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in which τf is the measured decay time and the other three parameters are characteristics
of the individual pear.
The accuracy of the skin resistance ρs thus depends not only on the accuracy of τf but
also on the accuracy of these ’pear-speciﬁc’ parameters. The gas exchange time can be
measured with high accuracy, the three pear-speciﬁc parameters on the other hand, are
diﬃcult to determine accurately.
For the type of pear under study, the inter-cellular gas fraction is reported to be θf =
0.051 (Calbo 1986). This is in agreement with measurements done by Peppelenbos (private
communication), who ﬁnds a gas fraction in these pears between 0.04 and 0.06. The tracer
gas used for this method is SF6, having a diﬀusion coeﬃcient in air D
air(SF6), at room
temperature of 1.06× 10−5 m2/sec (Borchers et al. 1969).
Skin resistance measured by the conventional method
A practical and proven method to measure the skin resistance of a fruit is to enclose the
fruit in a cuvette, add an amount of tracer gas to the cuvette (part of the tracer gas diﬀuses
into the fruit) and sample the decrease in tracer gas concentration in the cuvette over time
due to uptake by the fruit (Peppelenbos and Jeksrud 1998). However, this method will not
work for fruit with low internal gas volume, because the change in cuvette concentration
will be too low.
For these fruits, more speciﬁcally pears, Banks (1985) designed a method to measure the
skin resistance. A fruit was loaded with a tracer gas (Neon; Dair(Ne)= 3.15× 10−5m2/sec;
T= 20◦C; Borchers et al. 1969)2 and then transferred to a Neon-free cuvette. The emission
of the tracer gas through the skin of the fruit, is described by Fick’s ﬁrst law (see eq. 7.3):
ds
dt
= Af
Cf (t)− Cc(t)
ρs
(7.7)
where Cc(t) is the cuvette concentration. Contrary to our set-up, for which Cc (t) = 0 at
all times, the cuvette in Banks’ set-up is not ﬂushed. Therefore, a concentration of Neon
will build up in the cuvette. The tracer gas exchange is related to this concentration in
the cuvette as:
ds
dt
= V0
dCc
dt
(7.8)
resulting in an expression for the skin resistance:
ρs =
AfC0
V0
dCc
dt
(7.9)
where C0 is the internal concentration in the pear and V0 is the cuvette free volume (the
volume of the cuvette minus the volume of the pear).
2This actually is the diﬀusion coeﬃcient of nitrogen in Neon but at most the diﬀusion coeﬃcient of
Neon in nitrogen will diﬀer 10% from this value (Jost 1960), Burg et al. (1965) claim that the diﬀusion
coeﬃcients of gas B in bulk A or gas A in bulk B are equal. A diﬀusion coeﬃcient for a tracer in nitrogen
is practically identical to the diﬀusion coeﬃcient in air.
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Figure 7.2: A) Measurement of the gas emission rates (semi-log plot) of 3 pears. Each
side of the pear is measured with a diﬀerent collector (identiﬁed by  and ◦). The
emission at each side of the pear is not equal because the skin resistance at each collector
is diﬀerent. B) The exchange times τf at one side versus the exchange time at the other
side τ∗f . The line is τf = τ
∗
f . We see a very low deviation from the line τf = τ
∗
f (B) while
comparing the emission of each side (A) a large variation is observed.
With time the cuvette concentration will increase exponentially to the steady state
value. To calculate the skin resistance with equation 7.9, the initial ﬂux of tracer gas out
of the fruit must be determined, i.e. dCc
dt
(t = 0). This is the initial slope of this exponential
increase.
In the two methods diﬀerent tracer gases are used (Neon cannot be detected by the
photoacoustic detection method). The skin resistance is related to the diﬀusion coeﬃcient
(see footnote 1) and comparing the skin resistances requires a correction for this diﬀerence.
In the results, the skin resistances calculated from the gas exchange times (measured with
SF6) are scaled to the Neon skin resistances.
7.3 Results
7.3.1 Exchange time measurements
Figure 7.2A shows three successive measurements of the gas emission of three diﬀerent
Conference pears. The concentration (in ppb), which result from the emission by the
pear, in two collectors positioned at opposite sides on the fruit is measured alternately. In
ﬁgure 7.2A the semi-log plot of the concentration in the two collectors (distinguished with
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Figure 7.3: SF6 emission against the observed cork fraction of the skin enclosed by the
collector. No correlation is observed.
 and ◦) is given. We see that the measured SF6 concentrations in the collectors vary
considerably. On average this variation in emission rate between the two sides of the pear
is 70%. This implies that the skin resistance has a distinct local variation.
One explanation for the large diﬀerences in local skin resistance could be the skin
corkiness. To test this hypothesis the local emission measured by the collector was plot
against the cork fraction of the skin enclosed by the collector. Twenty measurements on
seven pears were done and the results are shown in ﬁgure 7.3. From the ﬁgure no correlation
between the corkiness and the emission through the skin was found. Apparently the (local)
skin resistance is not inﬂuenced by the cork fraction in the skin. The cork fraction of the
skin was determined by eye (the brown part of the skin) and care was taken that the initial
SF6 concentration in the pear was the same in all measurements.
The deviation of the slopes of the exponential decline in concentration measured at
each side of the pear (ﬁg. 7.2A) is very small. The slopes are determined using a linear ﬁt.
From the slopes the gas exchange times, τf are calculated. In ﬁgure 7.2B the gas exchange
times measured at each side (τf and τ
∗
f ) are plot against each other, the line in the plot
is the τf = τ
∗
f line. The measurements are performed at 18 pears and show a very low
deviation from the τf = τ
∗
f line. The error bars (on the points) are the standard deviations
in the linear ﬁt (to determine the slope), which are on average 0.4% of its value. Although
the local variation in skin resistance is large the measured error on the gas exchange time
is small. Due to this small error we are able to distinguish the skin resistance from internal
resistance by the gas exchange time measured at diﬀerent positions on the pear (see below).
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Figure 7.4: The absolute value of the normalised diﬀerence in the gas exchange time
versus time for a set of 10 pears. The two pears followed for more than 10 hour are
indicated with ◦; the others with .
7.3.2 Change in gas exchange time with ripening
During ripening the cell membranes in the fruit are broken down and the inter-cellular
spaces in the fruit are ﬁlled with the cell content. However, part of this liquid also evap-
orates from the fruit and the balance between these processes determine the reduction in
internal gas diﬀusion.
A diﬀerence in gas exchange time between the two sides of a pear, expressed as the
normalised diﬀerence (eq. 7.2), is a good indicator for internal diﬀusion resistance. In
ﬁgure 7.4, the absolute normalised diﬀerence versus the ripening is shown for a set of 10
pears. The (repeated) measurements on two pears have been extended for over 10 hours
(after storage), indicated by the open circles (◦) in ﬁgure 7.4, to follow ripening. Unripe
pears show a 1 to 2% normalised diﬀerence, for the two ripening pears this rose to 10%.
We saw in the previous section that the measurement error in the gas exchange time
is about 0.4%, the measurement error on the normalised diﬀerence is then 0.8%. The
measured ∆n,g values for unripe pears are 1 to 2% and therefore about as small as the
expected measurement error so the internal diﬀusion resistance has almost no inﬂuence.
Note however, the ∆n,g value is no quantitative measure of the internal concentration
gradient. It is therefore unclear how large the gradient exactly is.
The measurement error on the normalised diﬀerence (error bars in 7.4) show no trend
with the ripening in contrast to the normalised diﬀerence. This shows that the decline in
concentration remains exponential (or linear in the semi-log plot of ﬁg. 7.2A). When the
internal resistance becomes large the decline will deviate from a single exponential decline,
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Figure 7.5: A) Measurement of the gas exchange time τf , as a function of pear radius R,
for the optimal (3rd picking) indicated with ∗ and the non-optimal one picked two weeks
later (5th picking) indicated with •. The optimal picking shows a signiﬁcant (P< 0.05)
lower gas exchange time. The error bars are the standard deviations from ﬁtting the
slope. B) Similar plot for pears that are all picked at the optimal picking date but at
diﬀerent orchards, one in Ommeren the other in Numansdorp. The pears of the orchard
in Ommeren () show signiﬁcant (P< 0.05) higher gas exchange time than the pears from
Numansdorp (◦).
it becomes multi-exponential (see next chapter).
7.3.3 Diﬀerence between harvest time and orchard
To test the application possibilities of the gas exchange time measurements the gas ex-
change time of several pears was measured harvested at two diﬀerent dates (pickings) and
at two diﬀerent orchards. Figure 7.5A shows the results for τf measured at pears picked
at the optimal picking date (3rd picking) indicated with * as well as for pears picked at the
non-optimal picking date, two weeks later (5th picking) indicated with •. All pears came
from the same orchard. The gas exchange time is signiﬁcantly (t-test; P< 0.05) higher for
the 5th picking.
In ﬁgure 7.5B the gas exchange times of pears from an orchards in Numansdorp (in-
dicated with ◦) and one in Ommeren (indicated with ) are presented. The pears are
all from the 3rd picking and are not used in ﬁgure 7.5A. The gas exchange time of the
pears from the orchard in Ommeren is signiﬁcantly (t-test; P< 0.05) higher than the gas
exchange time of the pears from the orchard in Numansdorp.
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Figure 7.6: Skin resistance measured at the same pears, with the conventional method
(•) and calculated from the gas exchange time measurements (scaled to Ne diﬀusion)
indicated with ∗. The ﬁve pears of the Ommeren orchard (measurements left) and the
ﬁve pears of the Numansdorp orchard (measurements right) have been used. The error
bars are determined from the error on dCcdt (conventional method) and τf (exchange time
measurements).
7.3.4 Comparison to the conventional method
The pears from the two diﬀerent orchards have been used to compare our method with
the conventional method developed by Banks (see section 6). Prior to the gas exchange
time measurement the skin resistance is determined with the conventional method. The
gas exchange times are converted to skin resistances using equation 7.6 (scaled to Ne
diﬀusion). For this purpose the fruit volume of each pear is measured, the skin surface
calculated (from the pear’s length and radius) and the internal gas fraction obtained from
literature (θf = 0.051, Calbo 1986) is used. The skin resistance for both methods is
calculated using the same fruit properties (eq. 7.6 and 7.9)3.
The results are shown in ﬁgure 7.6. Apparently, the skin resistances from both methods
agree fairly well, although not fully within their respective error bars. The experimental
errors on the cuvette or fruit volume (V0 or Vf ), the fruit surface (Af ), internal gas fraction
(θf ) or internal gas concentration (Cf (0)) have been omitted, since they are identical
for both methods (see eq. 7.9 and eq. 7.6). Only the error which is diﬀerent for the
two methods (in τf for the gas exchange time and in
dCc
dt
for the conventional method,
respectively) is shown in ﬁgure 7.6, being respectively 0.4% and 8%. Our present method is
3Af and Vf , V0 is calculated using Vf .
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much more accurate, since its result depends on the whole exponential decay curve, whereas
Banks’ method only uses the initial part of the decay curve. As a result, our measurements
of the gas exchange time resulted in a signiﬁcant diﬀerence between the orchards (see
above), while the measurements using the conventional method could not resolve this
diﬀerence. However, Banks’ method is developed to distinguish the skin resistance for
diﬀusion from the pulp resistance while the gas exchange time does not.
In case the diﬀusion resistance in the pulp is not negligible, it will contribute to the gas
exchange time, and result in an oﬀset for the skin resistance compared to the resistance
calculated using the conventional method (taking only the initial slope there avoids the
contribution of the pulp diﬀusion to the skin resistance). The fact that the normalised
diﬀerence of the gas exchange time is very low indicates a negligible contribution of the
pulp resistance. Like the normalised diﬀerence in ﬁgure 7.4 the agreement between the
conventional method and the gas exchange time indicate a low internal concentration
gradient (ﬁg. 7.6). In the next chapter we will show that, in the case of Conference pears,
the contribution of the pulp resistance is indeed minor, less than 10%. It is therefore not
observable in ﬁgure 7.6 due to the error in the conventional method.
The gas exchange times are directly experimentally determined, using the full expo-
nential decay of the concentration with time. The errors in these measurements are small
(0.4%). Banks’ method only uses the initial part of this decay (which is the correct way
to determine the skin resistance); errors in his measurements are more than one order of
magnitude higher (≈ 8%). This makes the gas exchange time well-suited for observations
on fruit (with storage policy as its most pronounced application). However, if one is inter-
ested in the skin resistance of the fruit as such, the advantages of our method compared
to the conventional one, disappears in part. The skin resistance calculated from the gas
exchange time requires the internal gas fraction θf (not required for Banks’ method). The
accuracy in determining the internal gas fraction is comparable to that of the initial slope
(dCc
dt
) of Banks’ method. Additionally, for both methods the errors will come from the
determination of (or assumption of) the dimensions of the fruit (surface area and volume).
7.4 Conclusions
The gas exchange time can be measured with high accuracy, and can therefore be applied
as a tool to determine diﬀerences in growing conditions and to follow changes in fruit
properties. It is non-intrusive and requires no isolation of the fruit in a cuvette, bulk
storage conditions can be tested with this measurement.
We showed furthermore that, although variations in the local skin resistance can be
up to 70%, the normalised diﬀerence of the gas exchange time was only 1-2%. The small
normalised diﬀerence shows that the locally measured gas exchange times are close to those
of the whole fruit. The variation in gas exchange time is as large as the measurement error,
so we conclude that the internal resistance does not inﬂuence the gas exchange of pears. In
an attempt to explain the huge variation in local skin resistance we investigated its relation
to skin corkiness. However, we found no correlation.
When following pears at room temperature for 80 hours, a rise in the normalised dif-
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ference to 10% is observed, making clear that the internal resistance becomes important
in the gas exchange of the pears. The normalised diﬀerence is thus a practical parameter
of the internal diﬀusion resistance.
On the other hand the gas exchange time is a practical parameter for the total resistance
of the fruit. The gas exchange time shows signiﬁcant diﬀerences between two picking dates
with a two weeks interval, as well as between pears picked from two diﬀerent orchards.
In contrast, the conventional method for skin resistance determination (Banks 1985) was
unable to reveal the diﬀerence between the orchards.
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Abstract
The gas exchange of fruit experiences two diﬀusion resistances: the skin resistance and the
pulp resistance. The diﬀusion through the pulp inﬂuences the gas supply to the cells in
the core of the fruit. The concentration gradient in a fruit is determined by the relative
diﬀusion resistance between the skin and the pulp. In search for the critical fruit storage
conditions it is therefore crucial to know this ratio. This becomes more signiﬁcant for bulky
fruits.
In this chapter a non-intrusive method to determine this ratio in diﬀusion resistance
is presented. The ratio was determined from the measurement of the gas exchange time
and the measurement of a diﬀusion ﬂux through the fruit. Two cases were considered; one
in which the internal diﬀusion resistance was neglected, the other in which it was taken
into account. Comparing the resistances resulting from each of the two cases, the ratio
between the skin and the pulp resistance was found. For the Conference pears we found a
contribution of the pulp resistance to the total gas exchange resistance of 1%.
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8.1 Introduction
Fruit respiration requires oxygen and produces carbon dioxide. Gas can diﬀuse through
the fruit skin, therefore the internal gas volume of fruit is continuously exchanging gas
with the surrounding air. The internal oxygen concentration in fruit is determined by both
the diﬀusion process and the consumption. If the oxygen concentration becomes too low
inside the fruit (because the gas exchange cannot hold pace with the oxygen consumption)
the fermentation process starts.
A low internal gas diﬀusion (compared to the rate of consumption) can cause a high
concentration gradient in fruit. In apples, a gradient of only 2-4% was reported (Rajapakse
et al. 1990). The diﬀusion through apple pulp is apparently high enough to reﬁll the
consumed oxygen, or it is at least not the limiting factor. This implies that the internal
diﬀusion resistance of the pulp can safely be neglected compared to the skin resistance
(Banks 1985; Burg and Burg 1965; Peppelenbos and Jeksrud 1998). A pear is more bulky
(less inter-cellular gas volume) than an apple, and neglecting the diﬀusion resistance in the
pulp is therefore not obvious. Rajapakse et al. (1990) measured the oxygen concentration
gradient in Asian pears and found that the internal gradient over the pulp was 15-30%
of the total gradient (the internal gas fraction was 1.7-2.5%), the other 85-70% being the
gradient over the skin. From these measurements one may conclude that, while the skin
resistance is still the major diﬀusion barrier, the internal diﬀusion resistance cannot safely
be neglected.
In the previous chapter we found the gas exchange time to be a practical parameter to
monitor diﬀerences between fruits. Furthermore, the normalised diﬀerence, ∆n,g, between
measured exchange times on two positions on the pear was an indicator for the internal
diﬀusion resistance. We concluded that the internal diﬀusion resistance had a minor inﬂu-
ence on the gas exchange time, at least for unripe fruit. In this chapter we determine the
diﬀusion through the pulp for Conference pears quantitatively with a new non-intrusive
method.
In this method we determined the skin resistance from the gas exchange time (equiva-
lent to the previous chapter), which was subsequently corrected for the internal diﬀusion
resistance. The ratio between the skin and the pulp resistance was obtained from this
correction. The internal diﬀusion resistance was obtained by measuring and calculating
the diﬀusion ﬂux through the pear for diﬀerent diﬀusion lengths through the pulp.
8.2 Experimental set-up
The gas exchange time of the pear was measured by loading the pear with 1% of the tracer
gas SF6 in a loading cuvette. After several hours the pear was taken out of this cuvette
and two collectors were connected. In this way the tracer gas emission at two positions
was measured simultaneously. The two collectors were positioned at opposite sides of the
pear. Measurements of this kind were shown and discussed in the previous chapter.
For the transmission ﬂux measurement the collectors remained in position at opposite
sides of the pear. In addition, a local input cuvette for the tracer gas (C ≈ 50% SF6)
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Figure 8.1: The set-up to measure the transmission of tracer gas through the pear. The
tree positions of the input cuvettes (inp. 1, 2, 3) on the pear (one position drawn the
other indicated with a dashed line). The collectors (col. 1 and col. 2) were at the same
position as during the gas exchange measurements. The ﬂow controllers (FC) regulated
the ﬂow through the collectors. The exhaust before the collectors ensured that the ingoing
air from the bottle was at atmospheric pressure.
was positioned in-between the two collectors (ﬁg. 8.1). The SF6 emitted from this cuvette
diﬀused into the pear through the skin, diﬀused through the pulp, and was eventually
emitted again through the skin. The collectors then detected the local SF6 emission.
To vary the diﬀusion length through the pulp in two succeeding measurements, while
keeping the other parameters constant, the input cuvette was moved in the direction of
either of the two collectors, keeping the collectors in position (Input 1, 2 and 3 in ﬁg. 8.1).
Care was taken that there was no pressure diﬀerence between collectors, input cuvettes
and surrounding air. To prevent this a small excess airﬂow into the set-up and an additional
exit to the surrounding air was used (ﬁg. 8.1) and during the injection in the input cuvette
an exit was open to the lab air and closed shortly afterwards. The ﬂow through the
collectors (1 l/h) was pumped through the detection with a vacuum pump. After the
experiment the sealing of the input cuvette to the pear was tested on its airtightness.
In the previous chapter we introduced a normalised diﬀerence ∆n,g of the gas exchange
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time τf as a measure of the internal diﬀusion resistance:
∆n,g =
τf (collector 1)− τf (collector 2)
τ¯f
with τf (collector 1) the gas exchange time measured by collector 1 and τf (collector 2) the
gas exchange time measured by collector 2. τ¯f was the average of the gas exchange time
measured by the collectors 1 and 2. The fact that this ∆n,g was small was interpreted in
the previous chapter as indication for the minor role of the internal diﬀusion resistance. In
this chapter we determined the relation between ∆n,g and the relative importance of the
internal diﬀusion resistance in a quantitative way.
8.2.1 Alternative skin resistance measurement
A rather straight forward alternative measurement of the skin resistance is by measuring
the diﬀusion ﬂux through a piece of skin. This piece was cut with a razor knife from a
pear. Due to the cutting, liquid from pear tissue was smeared over the cut surface, this was
removed by paper tissue. This piece of pear skin was sealed at the skin side to a collector
using silicone grease (Dow Corning, DC4, silicone compound). A carrier air ﬂow of 1 l/h
ﬂowed through the collector to the PA-detector. To the other side of the skin a calibrated
mixture of 3.1 ppm SF6/nitrogen (Scott Specialty Gas, Certiﬁed Master gas) was applied
(ﬁg. 8.2).
The diﬀusion resistance ρs, of the piece of skin is calculated with:
ρs = A
∆C
FSF6
where FSF6 is the ﬂux of SF6 through the skin (m
3/sec), A the exchanging surface (surface of
the collector: 6.36×10−5 m2) and ∆C the partial concentration diﬀerence (dimensionless).
FSF6 is determined from the SF6 concentration in the carrier ﬂow measured by the PA-
detector.
8.2.2 Alternative pulp resistance measurement
Another way to determine the contribution of the pulp to the diﬀusion resistance is to
deduce it from the time it takes to achieve steady state in transmission ﬂux measurements.
The emission of SF6 was measured at two diﬀerent distances from the input cuvette. The
time in which steady state in the collectors was reached is related to the total diﬀusion
resistance between the input cuvette and the collector. This time dependence can be
described in the same way as in the case of charging a capacitor. The voltage V then
corresponds to concentration C:
Vt = V∞
(
1− e−t/(rc)) (capacitor) (8.1)
	
Ct = C∞
(
1− e−t/τrise) . (diﬀusion)
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Figure 8.2: Experimental set-up to measure the diﬀusion resistance through a piece of
pear skin. The ﬂow controller is identiﬁed with FC.
In equation 8.1 r is the electrical resistance and c the capacity of the capacitor. In the
capacitor equivalent, the rising time τrise is proportional to the electrical resistance r, and
correspondingly, τrise is a measure of the diﬀusion resistance. Now we deﬁne the diﬀerence
in rising time between the two collector sites normalised by their average value τ¯rise as the
normalised diﬀerence in rise time ∆n,r:
∆n,r =
τrise (collector 1)− τrise (collector 2)
τ¯rise
.
Note that this deﬁnition is analogous to the deﬁnition of ∆n,g but that the τ parameters
are determined diﬀerently. The τ in ∆n,g is the gas exchange time while τrise is the time
to obtain steady state emission.
By measuring τrise at both collectors the total diﬀusion resistance between the input
cuvette and each of the collectors was determined. This total resistance for a collector
obviously consisted of the skin resistance at the input cuvette, the diﬀusion resistance in
the pulp, and the skin resistance at collector 1 or 2. The normalised diﬀerence in rising time
∆n,r will be a measure for the diﬀerence in diﬀusion resistance between the two diﬀusion
paths. Assuming a homogeneous pulp the diﬀerence between the two diﬀusion paths was
only caused by the diﬀusion length through the pulp, and by a diﬀerent skin resistance at
the collectors. As we know from the previous chapter, the local variation in skin resistance
can be considerable. However, by observing the dependence of ∆n,r on the diﬀerence in
diﬀusion path length through the pulp from the input cuvette to either of the collectors,
we can evaluate the relative importance of the pulp diﬀusion resistance.
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8.3 Material and method
8.3.1 The pears
Conference pears (Pyrus communis L.) were harvested in the Netherlands by the Agrotech-
nological Research Institute, in Wageningen (ATO) and stored at a temperature of -1◦C
for one week before controlled atmosphere was applied. For bulk storage, Conference pears
were stored in crates (about 100 per crate) in a static system. Eight crates were placed in a
650 litre container with a water lock, at -1◦C air temperature, 2±0.1% O2 and a concentra-
tion of < 0.7% for CO2 (standard controlled atmosphere condition for Conference pears).
Relative humidity in the containers was 97-99%. A few days before the actual measure-
ments the pears were transferred to Nijmegen and stored in a refrigerator (temperature
0− 2◦C) to prevent ripening, however, no gas control was applied.
In the experiments also an Elstar apple (Malus domestica) is used. It was bought at a
greengrocer’s shop and stored near the pears (during the experiments).
8.3.2 Measurement of the gas fraction
The pear volume is determined using a method developed by ATO in Wageningen. A
Conference pear contains about 5% (Calbo 1986) of inter-cellular gas, causing the pear
to ﬂoat in water. A ﬂoating pear displaces the same water mass as the pears weight
(Archimedes’s law). The volume of the below the water part of a ﬂoating pear divided
by the total volume of the pear is therefore equal to the density of the pear divided by
the density of the water. By forcing complete submergence of the pear the diﬀerence in
density is eliminated. Measuring the weight of a bowl ﬁlled with water without and with a
complete submerged pear and knowing the density of the water (temperature), the volume
Vmeas of the pear can be calculated (ﬁg. 8.3). This method is expected to be more accurate
than measuring water displacement.
The internal gas fraction θf of the pear is calculated with:
θf =
Vmeas −m/d
Vmeas
where m is the pear mass and d the speciﬁc density of the pulp. For apples d is 1.06 kg/l
(Hatﬁeld and Knee 1988), which is assumed to be a good approximate for pears as well.
However, since θf is rather small, this determination is necessarily not very accurate (the
equation basically contains the diﬀerence between two quantities of almost equal size).
8.3.3 Skin surface and volume of the pear
In contrast to the pear volume the skin surface area of a pear is diﬃcult to measure. This
area, however, is necessary to calculate the skin resistance. One way of ﬁnding a surface
area is by approximating the pear shape with a half sphere and cone. The measured pear
radius (R) is then used for the radius of the half sphere and the radius of the cone base, and
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Figure 8.3: Set-up for the measurement of the pear volume. The pear was held under
water by a bugle to correct for the diﬀerence in density between the pear and the water.
The pear was in a bowl ﬁlled with water on a balance. Note that the bugle is on the table
and not on the balance.
the combined length of the half sphere and cone, equal to the axial length (l) of the pear.
The expression for the skin surface Af and the corresponding pear volume Vf become:
Af = ε
2/3
s (Ahalfsphere + Acone) = ε
2/3
s
(
2πR2 + πR
√
R2 + (l −R)2
)
(8.2)
Vf = εs (Vhalfsphere + Vcone) = εs
(
2
3
πR3 +
1
3
πR2(l −R)
)
. (8.3)
In these equations εs is the shape correction factor to correct for the deviation of the
pear from the half-sphere-cone shape. Its value can be determined by the ratio of the
directly measured volume and the calculated volume:
εs =
Vmeas
Vhalfsphere + Vcone
. (8.4)
This shape correction factor to the power 2/3, is then subsequently also used for the skin
surface (eq. 8.2).
The model that we are going to apply for the calculation of the gas exchange time from
internal diﬀusion resistance and skin resistance (skin pulp model) can only be calculated
analytically if we use a spherical shape. The pear is therefore approximated by a sphere
for which the radius is calculated from the skin surface and the pear volume. The surface-
volume ratio of the pear is not equal to that of the sphere (that of a pear is 25% higher),
therefore the average of the radius determined from the surface and that from the volume
is used for the radius. The assumed shapes are presented in ﬁgure 8.4.
The approximation of a pear by a sphere results in a systematic oﬀset in the resistances.
All parameters aﬀected by this oﬀset will be indicated with a prime (′). The internal
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Figure 8.4: A pear shape approximated by a cone and a half sphere for the surface
area determination. For the diﬀusion model a sphere is used, with its radius the average
value of the radius corresponding to the pear’s true volume and that corresponding to
the sphere-cone surface area.
diﬀusion resistance will be presented relative to the skin resistance both calculated for
the sphere. The internal resistance and skin resistance of the real pear shape are then
calculated from this ratio.
The measurements were also performed on an Elstar apple. The skin surface and volume
of the apple are calculated using the radius of the apple and assuming that the apple is
a sphere. The apple is assumed to have a gas fraction of 25% (Peppelenbos and Jeksrud
1998).
8.4 Models
If we neglect the internal diﬀusion, the gas exchange of the fruit, then governed only by
the skin resistance, can be described by a single exponential decay. Crank (1975) showed
that the gas exchange behaviour of a sphere with skin resistance and internal diﬀusion
resistance, is described by a summation of exponential terms. When the higher order
terms in this summation can be neglected (low internal diﬀusion resistance) we may use
this relation to correct the gas exchange time for the internal diﬀusion resistance. First
we assume no internal diﬀusion resistance, in the so-called skin model. This gives a gas
exchange time, which is in the next step, corrected for the internal diﬀusion resistance by
the ’skin-pulp’ model. A numerical model to calculate the ﬂux through the pear is used to
simulate the ﬂux measurements.
8.4.1 The skin model
If the internal diﬀusion is fast enough there will be no concentration gradient between
the core of the fruit and the periphery, since the skin is then the only barrier. This
assumption has been made in most other work (Abdul-Baki and Solomos 1994; Banks
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1985; Burg and Burg 1965; Cameron and Yang 1982b; Ke and Kader 1992; Knee 1991;
Peppelenbos and Jeksrud 1998; Rajapakse et al. 1990).
The rate of gas exchange will then be (c.f. chapter 7):
ds
dt
= AfDs
Ce(t)− Cf (t)
ls
(8.5)
where ds
dt
is the change in the amount of internal tracer gas with time, Ce is the external
tracer gas concentration, Cf the concentration of tracer gas in the fruit, ls the thickness of
the skin and Ds the eﬀective diﬀusion coeﬃcient through the skin. For the total amount
of tracer gas in the fruit we have:
s = θfVfCf (8.6)
where θf is the gaseous fraction in the fruit. Burg and Burg (1965) used a skin resistance
ρs being:
ρs =
ls
Ds
.
Note that the skin resistance depends on the diﬀusion coeﬃcient of the used tracer gas.
This coeﬃcient is related to the diﬀusion coeﬃcient in air through the eﬀective surface
of the openings in the skin. The use of another tracer gas will result in a diﬀerent skin
resistance, but this can be easily adapted if one knows the diﬀusion coeﬃcient of that tracer
gas. For SF6 the air diﬀusion coeﬃcient is 0.106 cm
2/sec (T= 298 K; Borchers et al. 1969)1.
The solution of equation 8.5 using 8.6 and Ce = 0 (which is the case in our experimental
set-up, since the collectors were ﬂushed continuously) is:
Cf = C0e
− Af t
θf Vf ρs (8.7)
where C0 is the concentration in the collector at t = 0. The exponential decay time in this
expression is equal to τf , the ’gas exchange time’ of the pear:
τf =
θfVfρs
Af
(8.8)
If we now substitute the real pear by the sphere (all parameters inﬂuenced by this approx-
imation are indicated with a prime) and substitute the skin surface and the volume of that
sphere in equation 8.8 (i.e. Af = 4πR
′2; Vf = 43πR
′3), the skin resistance becomes:
ρ′s =
3τf
θfR′
(8.9)
where R′ is the radius of a sphere having about the same volume and surface of the pear
(see section 8.3.3).
1Actually, this is the diﬀusion coeﬃcient of SF6 in N2, but this is almost equal to the diﬀusion coeﬃcient
in air.
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8.4.2 The skin-pulp model
The value for the skin resistance of real pears calculated by the skin model is an upper
limit, since the diﬀusion resistance of the pulp is contributes to the skin resistance. Calling
the real skin resistance ρ′real (though in the spherical approximation), we deﬁne γρ as being
the fraction of the real skin resistance and the skin resistance of the skin model:
ρ′real = γρρ
′
s. (8.10)
The diﬀerential equation for diﬀusion in a sphere is:
∂C
∂t
= Df
(
∂2C
∂r2
+
2
r
∂C
∂r
)
where Df is the eﬀective diﬀusion coeﬃcient in the sphere and r the radial distance to
the centre. The rate of gas emission is directly proportional to the diﬀerence between
the actual concentration at the surface Cs and the external concentration Ce (in our case
Ce = 0). Crank (1975) suggested a boundary condition at the surface of the sphere as:
−Df ∂C
∂r
= α(Ce − Cs) (8.11)
with α a proportionality constant.
Crank (1975) also gave the expression for the decline in internal concentration of the
(porous) sphere, for the case the sphere was initially at a uniform concentration:
Ct = C0
∞∑
n=1
κn exp
(
−β
2
nDf
θfR′2
t
)
(8.12)
with Ct the internal concentration at time t, C0 the initial concentration of tracer gas in
the sphere and
κn =
6L2
β2n (β
2
n + L (L− 1))
. (8.13)
Note that equation 8.12 is corrected for the internal gas fraction, θf (see Appendix I). For
the calculation of κn J. Crank (1975) gave the relation between βn and L:
βn
tan βn
+ L− 1 = 0 (8.14)
and
L =
αR′
Df
. (8.15)
The successive values for κn (n −→∞) are declining fast (see Appendix I). Therefore,
we start by neglecting the higher order terms (n > 1) in the summation of equation 8.12.
Whether this is allowed must be tested afterwards, neglecting the higher order terms is
only justiﬁed when κ1 ≈ 1 and κ2  κ1.
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We will see in the next section that α in equation 8.15 is equal to the reciprocal of
the skin resistance, therefore βn in equation 8.12 is related (with eq. 8.14) to both the
skin resistance and the internal diﬀusion coeﬃcient. This means that each term in the
summation of equation 8.12 is related to both the internal diﬀusion and the skin resistance.
In our case, it will appear that we are able to neglect all terms κn with n ≥ 2, which is
equivalent to saying that the pulp resistance is small compared to the skin resistance.
Disregarding higher order terms, equation 8.12 becomes:
Ct = C0 exp
(
− t
τ ′sp
)
with
τ
′
sp =
θfR
′2
β21Df
⇒ β1 =
√
θfR′2
τ ′spDf
(8.16)
being the exponential decay time of the skin-pulp model τ
′
sp (n = 1).
Expression for α
The proportionality constant α which entered through equation 8.11 is not yet known.
The way to determine α is to compare the results of the skin-pulp model to those of
the skin model. Ultimately, when there is no internal diﬀusion resistance, both models
obviously have to produce the same result. The limiting situation for the skin-pulp model
is achieved by taking the diﬀusion coeﬃcient in the skin-pulp model inﬁnite: Df →∞ and
consequently β1 → 0 (eq. 8.16)2.
The Taylor expansion for the tangent of β1 is:
tan β1 = β1 +
1
3
β31 +
2
15
β51 +
17
315
β71 . . .
Using the ﬁrst two terms of the expansion (justiﬁed for small β1), we get:
β1
tan β1
=
1
1 + 1
3
β21
Using this in equation 8.14 we ﬁnd:
L =
β21
3 + β21
(8.17)
additionally using equation 8.16 and 8.15 we ﬁnd for τ ′sp:
lim
Df→∞
τ ′sp =
θfR
′
3α
(
1− αR
′
Df
)
=
θfR
′
3α
. (8.18)
2Note, however, that β2 (and all other βn’s) still are much larger than zero (in fact β2 = 4.5, see ﬁg.
8.16). Thus, through eq. 8.13 it is clear that the truncation of eq. 8.12 at n = 1 is justiﬁed.
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This result must be equal to equation 8.9, the τ ′sp of the skin model. This yields:
α =
1
ρ′real
(8.19)
with this expression the skin-pulp model is now fully determined.
Returning to the objective of determining the fraction γρ of the real skin resistance,
ρ′real from the skin resistance calculated with the skin model ρ
′
s we substitute equation 8.19
in equation 8.15; ρ′real becomes:
ρ′real =
R′
LDf
L is calculated from equation 8.17 and β1 from equation 8.16.
γρ is the fraction of the real skin resistance ρ
′
real from the skin resistance calculated
by the skin model ρ′s, assuming the pear to be a sphere. In section 8.3.3 we saw that
these resistances are biased by this assumption, because the surface-volume ration of a
pear is not equal to the surface-volume ratio of a sphere (see also eq. 8.8). ρ′real and ρ
′
s are
therefore both biased by the same factor and we may extend equation 8.10 to (using the
real pear shape):
ρreal = γρρs.
8.4.3 Calculating the transmission ﬂux
The transmission ﬂux through a pear (for the experimental set-up see ﬁg. 8.1) is simulated
with a numerical model that calculates (using the skin resistance and the internal diﬀu-
sion coeﬃcient) the concentration distribution in the pear (sphere shaped). The internal
diﬀusion coeﬃcient of the fruit is related to the diﬀusion coeﬃcient in air by (see also the
discussion):
Df = γDθfD
air (8.20)
in which θf is the gaseous fraction of the fruit and γD the fraction of the internal diﬀusion
to the diﬀusion in air. The concentration depends on the gaseous fraction and is brought
into this equation by the discussion in Appendix I. γD is a porosity correction factor. The
calculated transmission ﬂux is adjusted to the measured ﬂux using γD. The pulp diﬀusion
coeﬃcient is apparently related to the porosity of the pulp. Knowing the pulp porosity (and
its distribution) would enable the calculation of the internal diﬀusion coeﬃcient without
the use of the skin-pulp model. However, the relation between porosity and the eﬀective
diﬀusion coeﬃcient (expressed in the above formula by γD) is not well established (chapter
5; Campbell 1985; Hillel 1982).
In the numerical model the pear is also assumed to be a sphere. The general diﬀusion
equation for a sphere is:
∂C
∂t
=
1
r2
{
∂
∂r
(r2Df
∂C
∂r
) +
1
sinφ
∂
∂φ
(Df sinφ
∂C
∂φ
) +
Df
sin2 φ
∂2C
∂ϕ2
}
(8.21)
where r is the radius of the sphere, φ rotation angle in the xy-plane and ϕ the angle with
the xy-plane. Assuming a homogeneous sphere, the concentration distribution from the
8.4. MODELS 117
input cuvette is cylindrically symmetric with the axis through the centre of the cuvette and
the centre of the sphere. In the experimental set-up we have the input cuvette position in
the xy-plane, therefore the concentration distribution is independent of ϕ. Equation 8.21
reduces to:
∂C
∂t
=
Df
r2
{
∂
∂r
(r2
∂C
∂r
) +
1
sinφ
∂
∂φ
(sinφ
∂C
∂φ
)
}
. (8.22)
The transmission ﬂux is measured in steady state and rewriting equation 8.22 we get:
0 = Df
{
∂2C
∂r2
+
2
r
∂C
∂r
+
1
r2
(
∂2C
∂φ2
+
cosφ
sinφ
∂C
∂φ
)}
. (8.23)
From this equation a numerical model, calculating the concentration distribution within
the pear, is developed. This is explained in more detail in Appendix II.
The skin resistance of the fruit is obtained from the gas exchange time3. The local
variation in skin resistance is high (see previous chapter) and more speciﬁcally the skin
resistance of the skin enclosed by the two collectors will in general be noticeably diﬀerent.
The ﬂux into the collector is determined by this resistance. If this diﬀerence is not included
in the ﬂux calculation the calculations will not be able to agree with the measurements.
A correction for this diﬀerence in local skin resistance is determined from the ﬂux of the
tracer gas into the individual collectors when the input cuvette is in position 1 (see ﬁg.
8.1). At this position the diﬀusion length through the pulp to either of the collectors is
equal. The skin resistance at the collectors is determined from the diﬀerence in ﬂux but
keeping the average resistance equal to that determined from the gas exchange time.
The distribution of skin resistance on the rest of the pear is assumed to change grad-
ually from the collector with the highest resistance to the collector with the lowest resis-
tance. The distribution of the diﬀusion resistance over the pear skin is calculated with a
sine-function. In the numerical model this distribution is implemented by the boundary
condition on the skin (see eq. 8.11).
8.4.4 Usage of the models
The objective is to determine the signiﬁcance of the internal resistance for diﬀusion on the
gas exchange. This is determined by two unknown quantities: the skin resistance, ρs, and
the diﬀusion coeﬃcient in the pulp of the fruit, Df . To determine these we perform two
kinds of measurements: a gas exchange time measurement and (three) measurements of
the diﬀusion ﬂux through the pear. The ﬂux calculation model simulates the diﬀusion ﬂux
through the pear, the (analytical) skin pulp model calculates the gas exchange time. Both
require the internal diﬀusion coeﬃcient and the skin resistance.
The outline of the method is shown in ﬁgure 8.5. To calculate the ﬂux (with the
ﬂux model) an estimate for ρs is required. Using the skin model in combination with
the measured gas exchange time we may calculate an estimate for the skin resistance ρ∗s
3This is possible when the internal resistance for diﬀusion is low, at high internal resistance the gas
exchange time measured at diﬀerent points on the fruit is diﬀerent, see also the deﬁnition of the normalised
diﬀerence of the gas exchange time in chapter 7.
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Figure 8.5: A ﬂow chart showing the use of the three models. The ﬂux model and
the skin-pulp model both require an internal diﬀusion coeﬃcient and a skin resistance.
The start value for the skin resistance ρ∗s is obtained from the gas exchange time by
using the skin model (the dashed arrows indicate that it is used only at the start of the
calculations). The start value for the internal diﬀusion is the diﬀusion coeﬃcient in air.
In the ﬂux model the diﬀusion coeﬃcient is ﬁtted while in the skin pulp model the skin
resistance is ﬁtted. The value of γρ is an indication for the internal concentration gradient.
A value near 1 proves that the internal resistance can be neglected and that there is no
internal concentration gradient.
(used as a start-up value). The skin model is a simpliﬁcation of the skin-pulp model and
is obtained by neglecting the pulp resistance. Using this estimate and by adjusting the
internal diﬀusion coeﬃcient (using initially the diﬀusion coeﬃcient of the tracer gas in
air), the calculated ﬂux is matched to the measured ﬂux (ﬁg. 8.5). This internal diﬀusion
coeﬃcient is then used to match the calculated gas exchange time to the measured gas
exchange time by adjusting the skin resistance (with the skin pulp model). Subsequently,
this cycle is repeated until both models agree with the experiments for the same values
of ρs and Df . In practice, one cycle of this iteration appeared enough. In this way
the internal diﬀusion coeﬃcient (γD) results from the ﬂux model and the skin resistance
(γρ) from the skin-pulp model while each of the results is obtained from an independent
measurement (the ﬂux measurement for the ﬂux model and the gas exchange time for
the skin pulp model). Each ﬂux transmission measurement with the input cuvette on a
diﬀerent position is treated as an independent measurement.
8.5 Results
8.5.1 Gas exchange time as indicator for skin resistance
The gas exchange time measured for a large number of pears (most of them also used
in the previous chapter) is presented in ﬁgure 8.6. It shows no relation with the pear
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Figure 8.6: The measured gas exchange time of the Conference pears and one Elstar
apple versus the radius R of the fruit. Measurements at pears are indicated with  the
measurement at the Elstar apple with ◦. The lines through the symbols are the errors (in
ﬁtting the regression line).
radius. Using the skin model (neglecting the internal resistance) the skin resistance can
be calculated from the gas exchange time using equation 8.8, 8.2, 8.3 and 8.4. Later we
will see that the internal resistance can be neglected. We require for the calculation the
internal gas fraction θf and the shape correction factor εs (see sections 8.3.2 and 8.3.3).
They are presented versus the pear radius in ﬁgure 8.7A and B. Both show a dependence
on the pear radius (P< 0.05).
In ﬁgure 8.8 the skin resistance, calculated with the skin model, also shows a trend with
the pear radius. This relation is brought in by θf and εs, although they themselves do not
inﬂuence the skin resistance. The trend in ﬁgure 8.8 therefore is likely not to be a true
skin resistance phenomenon, but rather artiﬁcial. As was also made clear in the previous
chapter, the gas exchange time is a more reliable parameter to determine trends.
8.5.2 γD and γρ
Six pears and one apple were used to determine of γD and γρ with the models. The pears
were numbered from 1 to 6 to identify the pears. On each pear, 3 measurements were done,
each with the input cuvette at a diﬀerent position. For two pears (pear 4 and pear 6) the
measurements were also done at the other side of the pear (backside in ﬁg. 8.1).
The measurement sequence for one pear is presented in ﬁgure 8.9. First the gas ex-
change time for the two collector positions was determined by measuring the decline in SF6
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Figure 8.7: A) εs the ratio of the measured volume and the calculated volume versus
R the pear radius, using the cone-halfsphere method to calculate the volume of the ten
pears. B) The measured gas fraction θf versus the radius R. The lines are the regression
lines (P< 0.05).
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Figure 8.8: The skin resistance calculated with the skin model. The relation with R is
likely to be artiﬁcial.
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Figure 8.9: Measurement sequence at one pear (pear 3 in ﬁg. 8.10). First the gas
exchange time is determined by the two collectors (collector 1 =  and collector 2 = ◦).
Then the input cuvette was placed against the skin (at position inp. 1, inp. 2 and inp.
3, see also ﬁg. 8.1) and three transmission ﬂux experiments were performed. The ratio
in emission is used in the ﬂux model.
emission (the pear was loaded with SF6 at t = 0). Then (at t = 10 h) the input cuvette
was placed against the pear skin, subsequently moved to the two other positions (ﬁg. 8.1).
Note that the sensitivity of the PA-system and the on-line character of the method are
essential to be able to do such measurements.
The measurements of the transmission ﬂuxes measured with the collectors (correspond-
ing to the positions of the two collectors at φ = 0 and φ = 180◦) are presented in ﬁgure 8.10
for the pears and in ﬁgure 8.11 for the apple. The measurements with the input cuvette
at position 1 are indicated with  the measurements with the input cuvette at position 2
with ◦ and the measurements with the input cuvette at position 3 with ∗. The lines are
ﬁts calculated with the ﬂux model. The successful ﬁts are presented with a solid line and
the unsuccessful ones with a dashed line.
The unsuccessful ﬁts could not produce a ﬁt by adjusting the internal diﬀusion coef-
ﬁcient only. The range in which the internal diﬀusion was allowed to vary (by adjusting
γDθf see eq. 8.20) was between 1.0 and 0.01, because the internal diﬀusion coeﬃcient can
not exceed the diﬀusion coeﬃcient in air and a reduction of the internal diﬀusion coeﬃcient
below 1% did not alter the curves. However, the fraction of unsuccessful ﬁts is large. This
is supposed to be caused by a too complex skin resistance distribution compared to the
simple distribution assumed in the ﬂux model.
The average value of the ’fraction of real skin resistance’ γρ determined (with the suc-
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Figure 8.10: The emission measured at the pears (1 to 6) by the two collectors (1 and
2) and ﬁtted curves using the ﬂux and the skin-pulp model. On the x-axis the position of
the collectors is given in radians (collector 1 is at position 0 radians). The measurements
indicated with  are measured with the input cuvette at position 1; with ◦ at position
2 and with ∗ in position 3. The successful ﬁts to the measurements are indicated with a
solid line, the unsuccessful ones with a dashed line.
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Figure 8.11: The emission measured by the two collectors (1 and 2) and calculated
emission using the ﬂux and skin-pulp model for the apple. On the x-axis the position of
the collectors is given in radians (collector 1 is at position 0 radians). The measurements
indicated with  are measured with the input cuvette at position 1, measurements in-
dicated with ◦ have the input cuvette at position 2 and for the measurements indicated
with ∗ it was at position 3.
cessful ﬁts) for each pear and the apple are presented in ﬁgure 8.12A versus the normalised
diﬀerence. It shows that for pears () the skin resistance calculated with the skin model
(thus neglecting the pulp resistance) is typically overestimated by less than 0.5%. For the
Elstar apple (◦) the result shows that the pulp resistance can safely be ignored completely.
On average we found for the pears γρ = 0.99± 0.024.
A trend in ﬁgure 8.12A may be a decline in γρ with the normalised diﬀerence |∆n,g|,
however, the successful ﬁts at each pear were low. In the previous chapter it was reasoned
that the normalised diﬀerence would be a good indicator for the internal diﬀusion coeﬃ-
cient. A low internal diﬀusion means a high internal concentration gradient (in the internal
gas volume) and a smaller value for γρ. In ﬁgure 8.12B the γρ versus the normalised diﬀer-
ence is presented. The average for γD is 0.27 ± 0.19. No trend is found but a large value
for γD should correlate with a low value for the normalised diﬀerence.
In the literature, the ratio between the diﬀusion coeﬃcient in air (Dair) and the eﬀective
diﬀusion coeﬃcient in porous media (in this case pears; Df ) is deﬁned as, εp = Df/D
air
(in the theory we deﬁned εp = γDθf , see eq. 8.20). Penman (1940) measured for steady
state diﬀusion a porosity correction factor of εp = 0.66θf and therefore γD = 0.66, but Lai
4Note that γρ is not aﬀected by the inaccuracy in determining the gas fraction θf , because both ρ′real
and ρ′s are calculated using the same θf and its value thus cancels in γρ.
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Figure 8.12: A) γρ versus the absolute normalised diﬀerence |∆n,g| for 6 pears () and
one apple (◦). The error is the standard deviation between replicates n (n ranged between
1 and 5). B) γD versus the absolute normalised diﬀerence |∆n,g| for the pears and apple.
et al. (1976) measured a relation of εp = θf
5/3, which would result in γD = 0.14 (using
θf ≈ 0.05). Our value for γD agrees very well with Lai’s results.
In the theory we neglected the higher order terms in equation 8.12. The measurements
resulted in a almost unity value for κ1 (1.0 ± 4.7 × 10−7) and a negligible value for κ2
((2.7± 3.9)× 10−7). This proves that indeed the higher order terms can be neglected (this
is a requirement for the usage of the skin-pulp model).
The variation of local skin resistance (determined from the ﬂux into the collector) in
the measurements above was 210%± 80%. The error in the measured gas exchange times
was only 0.5%± 0.2%. This small error in the ﬁt of a single exponential to the measured
decline in concentration shows that the decay did not have a multi-exponential character
and that the value for κ2 was  1.
8.5.3 Inspection of the used correction for local skin resistance
The local diﬀerence in skin resistance in the ﬂux model at the collector positions was found
from the diﬀerence in emission into the two collectors, when the input cuvette is at position
1. The high fraction of unsuccessful ﬁts in ﬁgure 8.10 may be caused by a less appropriate
estimate of this skin resistance.
By varying the diﬀerence in local skin resistance the models were used to ﬁt the mea-
surements while using a ﬁxed value for the internal diﬀusion. However, the real internal
diﬀusion coeﬃcient in pears is unknown therefore the calculation was done for γDθf = 0.01
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Figure 8.13: The local skin resistance at collector 1 is named ρ1 and the local skin
resistance at collector 2 is named ρ2. The ratio between the skin resistances ρ1/ρ2 is used
in the ﬂux model. In the graphs the diﬀerence between required ratio (to get a good ﬁt)
and used ratio (determined from the measurement with input cuvette at position 1) of
the skin resistance is presented versus the used ratio. The range between γDθf = 0.01
and γDθf = 1 is given by the bar. Where the value for γDθf = 0.01 the  side (for pears)
is located, where the value for γDθf = 1 the ⊥ is located. The ◦ symbol is used for the
apple. A) The range for the measurements with the input cuvette at position 1. B) The
range for the measurements with the input cuvette at position 2. C) The range for the
measurements with the input cuvette at position 3. For the successful ﬁts in ﬁgure 8.10
and 8.11 the range includes the x-axis.
and γDθf = 1, resulting in the range where the diﬀerence in skin resistance gives a realistic
internal diﬀusion. The required correction to produce a successful ﬁt must be in this range.
In ﬁgure 8.13A, B and C the required corrections (minus the used) are presented versus
the used corrections. In ﬁgure 8.13A the correction factors for the measurements with
the input cuvette at position 1 is given, ﬁgure 8.13B the correction factors with the input
cuvette at position 2 and in ﬁgure 8.13C the correction factors with the input cuvette at
position 3. Remember that the used correction factor was determined from the ratio in
emission to the collectors 1 and 2 with the input cuvette at position 1. The ﬁgure shows
that when the ratio in emission measured by the two collectors increases this measured
ratio no longer is a good correction. Note that the correction is best for the measurements
with the input cuvette at position 1, the measurements with the input cuvette at the other
positions walk oﬀ in opposite directions (negative and positive y-axis) for larger diﬀerence
in emission to the collectors. Apparently the used correction for the skin resistance does
not result in a ﬁt when the emission to the collectors is too high (high diﬀerence in skin
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resistance). On this point the model has to be reﬁned.
8.5.4 Sensitivity analysis
The tracer gas concentration decreased fast in the pear away from the position of the in-
put cuvette. The cross section of the input cuvette in contact with the pear was small
compared to the rest of the pear skin. Through this cross section the internal gas volume
of the pear was supplied with tracer gas. During this supply tracer gas was continuously
lost through the skin surface of the rest of the pear. This caused the decline in concen-
tration and this is practically independent of the internal transport due to diﬀusion (it
has a geometrical origin). The ﬂux model calculated the concentration distribution due to
both, this diﬀerence in skin surface and the internal diﬀusion resistance. The skin pulp
model used only the internal diﬀusion resistance because with the skin-pulp model the gas
exchange times were calculated and the gas exchange times were measured by loading the
pear with a uniform internal concentration.
The ﬂux calculation model may, therefore, be very sensitive to a measurement error
on the measured emission. The concentration distribution was mainly determined by the
cross section ratio and not by the internal diﬀusion. An error on the measured emission by
the collectors must result in small changes on γρ and γD. This sensitivity is investigated
with a deliberately applied error of ±10% on the measured emission. The error in the
actual measurements was deﬁnitely within this value. The changes this brought about in
the fractions γρ and γD are plotted in ﬁgure 8.14.
The change in γρ is limited to a few percent. The change in γD is larger for some
individual pears up to 100%, but for others it remains fairly constant up to 10%. We
may conclude that the use of the ﬂux calculation model in combination with the skin-pulp
model is a practical method to determine γρ. A value for γρ near 1 indicate a minor internal
concentration gradient. The obtained factor for the diﬀusion coeﬃcient γD is less accurate
but this is obvious from the small eﬀect the internal diﬀusion has on the gas exchange time
(internal diﬀusion is practically negligible).
8.5.5 Skin resistance measurement
For one of the six pears, three pieces of skin were removed with a razor blade. The diﬀusion
resistance of these skin sections was measured with the set-up described in section 8.2.1.
The average measured skin resistance was ρmeas = (2.0± 0.5)×106 sec/m. The large error
bar was caused by the variability between the three pieces.
The skin resistance of the same pear calculated with the skin model was ρs =
(2.18± 0.04)× 106 sec/m. These results agrees well with each other.
8.5.6 Pulp resistance
The exponential rising trend to the steady state in transmission ﬂux was often indistinct
due to sealing up leaks from the collectors or input cuvette but on a number of occasions
could be determined. A normalised diﬀerence can be calculated if the rise exponential
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Figure 8.14: A) The change in the real skin resistance fraction γρ as a result of a
modiﬁcation of ±10% in the measured emission. B) The change in the reduction factor
for diﬀusion γD as a result of a modiﬁcation of ±10% in the measured emission (pears
= , apple = ◦).
rising time can be determined for both collector 1 and 2. The normalised diﬀerence in the
rising time, i.e. ∆n,r, are plotted in ﬁgure 8.15. On the x-axis the diﬀerence in distance
(absolute value) from the input cuvette to either of the two collectors is given (in radians).
If the resistance in pulp diﬀusion is large the time to achieve steady state, i.e. ∆n,r, will
depend on the diﬀerence in distance between the input cuvette and the collectors.
The normalised diﬀerence in rising time does not show a relation with the extra diﬀusion
length. This is evidence that the pulp diﬀusion is only slightly (if at all) aﬀecting the
diﬀusion through the pear.
In section 8.5.1 a local variation in the skin resistance of a factor of 200% is reported.
This variation causes the spread in ﬁgure 8.15, because the diﬀerence in skin resistance at
the collectors also inﬂuences the diﬀerence in rise time.
8.6 Conclusions
We have developed a non-intrusive method, in which the internal diﬀusion resistance of
fruit (especially pears) can be determined relative to the skin resistance of the fruit. For
Conference pears, we showed that neglecting the internal diﬀusion resistance in calculating
the skin resistance resulted in about 1% higher values than by incorporating the internal
resistance.
In the method we applied to achieve these results, there are two major assumptions.
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Figure 8.15: The fractional variation of the rising time ∆n,r as a function of the diﬀerence
in diﬀusion distance through the pear. The distance is given in radians (angle) to rescale
the distance to the pear radius. One radian equals a displacement of one radius length
over the skin. Measurements at pears are indicated by , the one measurement at the
apple by ◦.
One deals with the shape of the fruit: in our model this shape was necessarily a sphere.
For a pear, this is obviously not a good approximation and it causes a systematic oﬀset
to the calculated skin resistance. However, the ratio between pulp and skin resistance is
not (or only in the next order of approximation) aﬀected. The second assumption, namely
a homogeneous internal diﬀusion, is more diﬃcult to corroborate (or refute), but seems
reasonable in the light of the low relative contribution of the internal resistance.
In the previous chapter we saw that the measured gas exchange times were a good
measure for the skin resistance (since even in pears this was about 98% of the total re-
sistance, in apples it was even 99.9%). However, the determination of the skin resistance
itself is more diﬃcult and inaccurate, since it depends on the internal gas fraction (and on
the shape of the pear). This internal gas fraction is hard to determine accurately, which
leads to relatively large errors (in our results even in a radius-dependent bias) in the skin
resistance.
In the previous chapter the normalised diﬀerence was used as a measure for the internal
resistance. The normalised diﬀerence showed no signiﬁcant trend with the γρ. It is thus
unclear whether it is a good parameter for the internal diﬀusion resistance.
The major advantage of our method is that no gas samples from the core need to be
taken and that the internal diﬀusion is being modelled without assumptions concerning
the dependence of the diﬀusion on the pulp porosity.
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8.7 Discussion
The maximal diﬀusion coeﬃcient of SF6 through the pulp, when the diﬀusion resistance
is low, is in the model set to the diﬀusion coeﬃcient in air. Diﬀusion depends on the
composition of the background gas. In fruit the inter-cellular gas contains CO2 from
respiration. The diﬀusion coeﬃcient for SF6 in CO2 at 25
◦C is DCO2(SF6) = 0.067 cm2/sec,
the diﬀusion coeﬃcient in air is 0.106 cm2/sec (T= 25◦C; Borchers et al. 1969). The
CO2 concentration is therefore important for the determination of the internal diﬀusion
coeﬃcient. The diﬀusion coeﬃcients of SF6 in air, O2 or N2 are almost equal.
The internal CO2 concentration of Conference pears is not known therefore we make
a rough estimation of this concentration from measurements at apples. The CO2 concen-
tration in apples is about 2-5% (Blanke 1991, type of apple not mentioned). The steady
state gas concentration in fruit is proportional to the gas exchange time, because the gas
exchange time is proportional to the skin resistance (eq. 8.8), and the CO2 production
rate. It is inversely proportional to the internal gas fraction.
The production rate of CO2 in 20
th Century pears is about 1.7 times lower compared
to that of ’Granny Smith’ apples and 5 times lower compared to that of Yellow Newtown
apples (Ke and Kader 1992). The gas exchange time of Conference pears is about 5 times
lower than that of the Elstar apple (see ﬁg. 8.6). The internal gas fraction of Conference
pears (5%, Calbo 1986) is 4 times lower than that of apples (20exchange time and internal
gas fraction together we ﬁnd that the CO2 concentration in pears is 2 to 6 times lower
than that in apples. The internal CO2 concentration in the Conference pears will therefore
not exceed the 2-5% measured in apples. Assuming a CO2 concentration of 5% and the
diﬀusion coeﬃcient of SF6 to be proportional to the relative composition of the background
gas, the diﬀusion coeﬃcient in the pear will be 2% lower due to the CO2 concentration.
The real γD becomes then 2% higher (eq. 8.20). This may well be neglected.
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If a sphere is initially at a uniform concentration, the solution for the total amount of
diﬀusing substance s, entering or leaving the sphere is
st
s∞
= 1−
∞∑
n=1
κn exp
(
−β
2
nD
R′2
t
)
(8.A.1)
with
κn =
6L2
β2n (β
2
n + L (L− 1))
(8.A.1a)
and st is the amount of tracer gas at time t and s∞ that at t = ∞, D is the diﬀusion
constant in the sphere, R′ is the radius of the sphere and the βn’s are the roots of;
βn
tan βn
+ L− 1 = 0 (8.A.2)
with L being:
L =
R′α
D
(8.A.3)
(Crank 1975).
In ﬁgure 8.16, L is plotted versus βn. To each speciﬁc situation belongs a value for
L, the values βn are found going in horizontal direction from left to right. The spacing
between two values of βn is typically 2.5, the successive values for κn are therefore declining
fast (eq. 8.A.1a).
Pears are, in fact, only partly ﬁlled with gas, since they consist for over 90% of pulp.
Equation 8.A.1 has to be corrected therefore for the gas ﬁlled fraction, θf .
Porous correction for diﬀusion
The general diﬀusion equation in three dimensions through a homogeneous medium is:
∂C
∂t
= D
(
∂2C
∂x2
+
∂2C
∂y2
+
∂2C
∂z2
)
. (8.A.4)
Considering diﬀusion through a porous medium, the ﬂux of s (an amount of gas) through
a certain surface S (in the pulp of fruit) is given by Fick:
J =
ds
dt
= −DfSdC
dl
(8.A.5)
with Df the diﬀusion coeﬃcient in the (porous) fruit and l the diﬀusion length. If we
consider a cubic volume element around point P, with the dimensions 2dx, 2dy and 2dz
(see ﬁg. 8.17). The diﬀusion ﬂux through the side ABCD at y − dy and A′B′C ′D′ at
y + dy of the cube is:
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Figure 8.16: A plot of L versus βn, the roots for eq. 8.A.2 for L = 0.15. The succeeding
values for βn are found going in horizontal direction from left to right.
y − dy : 4dxdz
(
Jy − ∂Jy
∂y
dy
)
y + dy : 4dxdz
(
Jy +
∂Jy
∂y
dy
)
.
The net change in concentration of the diﬀusing substance in the volume element is:
y − direction : dsy
dt
= 4dxdz
(
Jy − ∂Jy
∂y
dy
)
− 4dxdz
(
Jy +
∂Jy
∂y
dy
)
= −8dxdydz∂Jy
∂y
for the other two directions we get analogously:
x− direction : dsx
dt
= −8dxdydz∂Jx
∂x
z − direction : dsz
dt
= −8dxdydz∂Jz
∂z
.
The rate of change of the amount of gas: ds
dt
is related to the rate of concentration change
dC
dt
in the volume element through the total open volume dxdydzθf :
ds
dt
= 8dxdydzθf
∂C
∂t
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Figure 8.17: A unit volume around point P, exchanging gas with its environment.
and we have
ds
dt
=
dsx
dt
+
dsy
dt
+
dsz
dt
8dxdydzθf
∂C
∂t
= −8dxdydz∂Jx
∂x
− 8dxdydz∂Jy
∂y
− 8dxdydz∂Jz
∂z
0 = θf
∂C
∂t
+
∂Jx
∂x
+
∂Jy
∂y
+
∂Jz
∂z
Using equation 8.A.5 we get:
∂C
∂t
=
Df
θf
(
∂2C
∂x2
+
∂2C
∂y2
+
∂2C
∂z2
)
. (8.A.6)
Comparing equation 8.A.4 with 8.A.6 we see that:
D =
Df
θf
.
Therefore the correction for the pulp fraction in equation 8.A.1 is:
st
s∞
= 1−
∞∑
n=1
κn exp
(
−β
2
nDf
θfR′2
t
)
This result is used in the skin-pulp model. It can be rewritten in terms of the change of
internal concentration with time as:
Ct = C0
∞∑
n=1
κn exp
(
−β
2
nDf
θfR′2
t
)
where C0 is the initial concentration in the sphere and Ct the concentration at time t.
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A 2 dimensional numerical model is used to solve equation 8.23 in this section. The partial
diﬀerential equation 8.23 is rewritten in the dimensionless units λ, T and c, with r = λR′,
t = TR
′2
Df
and C = cCc. Cc is the concentration in the input cuvette and C the concentration
just below the skin of the pear. The equation becomes:
0 =
∂2c
∂λ2
+
2
λ
∂c
∂λ
+
1
λ2
(
∂2c
∂φ2
+
cosφ
sinφ
∂c
∂φ
)
. (8.A.7)
The discretisation of equation 8.A.7 for the concentration in a point (m,n) is:
0 =
cm+1,n − 2cm,n + cm−1,n
∆λ2
+
cm+1,n − cm−1,n
λ∆λ
+
cm,n+1 − 2cm,n + cm,n−1
λ2∆φ2
+
cosφ
λ2 sinφ
cm,n−1 − cm,n+1
2∆φ
(8.A.8)
where m is the index in radial direction (shells) and n the index in the tangential direction
(points on one shell, see ﬁg. 8.18). The total number of points is the product of the points
on a shell times the number of shells, plus the centre point (in the calculation Ntot = 4001).
Ntot = M ×N + 1
The concentration in point (m,n) is related to the neighbouring points using equation
Input
cuvette
…
…
…
…
1,1
1,2
1,3
1,4
1,5
1,6
1,7
1,N
2,1
2,2
2,3
2,N
3,1
m,n
Figure 8.18: The grid of points at which the concentrations were calculated in the
(numerical) ﬂux model. The grid in the calculations was denser than here presented, the
number of shells was M = 20; the number of points on one shell was N = 200.
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8.A.8:
0 = cm+1,n
1
∆λ2
(
1 +
∆λ
λ
)
+ cm−1,n
1
∆λ2
(
1− ∆λ
λ
)
− cm,n2
(
1
∆λ2
+
1
λ2∆φ2
)
+
cm,n−1
1
λ2
(
1
∆φ2
+
cosφ
2∆φ sinφ
)
+ cm,n+1
1
λ2
(
1
∆φ2
− cosφ
2∆φ sinφ
)
(8.A.9)
and the coeﬃcients are placed in a matrix A of size (Ntot×Ntot). The boundary condition
at the surface of the sphere is as in equation 8.11, apart from where the input cuvette
is positioned. The size of the input cuvette (Nin) is also taken into account, having a
concentration cc. The concentration on the skin is cs. The columns of A at the position of
the input cuvette are put in C ((Ntot −Nin)×Nin) and A is scaled to A∗ ((Ntot −Nin)×
(Ntot −Nin)). This results in the matrix equation:
Ccc = A
∗cs
This gives the concentration distribution cs just below the skin of the fruit. The result is
presented in ﬁgure 8.19. The emission is calculated using the skin resistance.
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Figure 8.19: A 3-dimensional presentation of the calculated steady state concentration
distribution in the sphere. On the vertical axis is the concentration, the horizontal axes
give the position (cylindrical symmetric). The concentration distribution is calculated
with the numerical model. The input cuvette is positioned at point (x = 0, y = 1).
Index
absorption coeﬃcient matrix (spectral), 10
accuracy in isotope ratio measurement, 74
acetate, 68
adsorption capacity, 55
aerenchyma, 5, 34
Archimedes’s law, 94, 110
background signal, 10
boundary condition for gas exchange, 114
bulk soil density, 55
calibration PA-set-up, 11
capacitor equivalent, 109
change in conductance after tiller cutting,
43
chopper, 8
clearing ﬂuid, 37
collector volume, 93
condition number, 11
conductance parameter τ , 26, 37
Conference pear, 5
controlled atmosphere, 95
correction local skin resistance, 117
CuO-catalyst, 74
decline in reservoir concentration, 80
diﬀusion coeﬃcient
C2H4 in water, 50
CH4 in water, 77
CO2 in water, 77
Ne in air, 97
SF6 in air, 25, 42, 97, 113, 129
SF6 in CO2, 129
SF6 in water, 58, 77
diﬀusion in a sphere, 114
dynamic viscosity, 38
ebullition, 68
Elstar apple, 112
emission to headspace, 54
error estimate, 20
fermentative respiration, 5
Fick’s ﬁrst law, 25, 37, 48, 51, 78, 80, 97
Fick’s second law, 51, 79
fraction of internal to air diﬀusion in a
pear γD, 116
fraction real skin resistance γρ, 114
gas exchange time, 95, 106
gelatine, 35
grating, 9
Hagen-Poiseuille, 37
half inﬁnite diﬀusion, 78
harvest date, 95
incubation studies, 69
inhibition studies of methane oxidation,
69
interference phase contrast microscopy, 37
internal gas fraction, 110
intracavity power, 8
inverse leaf order, 25
Langmuir model, 55
leaf sheath, 4
ligule, 4
main stem, 4
methane isotope fractionation, 70
methane oxidised fraction, 81
methane release, 68
methanogens, 68
methanotroph, 69
multi-photon red shift, 14
normalised diﬀerence
of the gas exchange time, 96, 108
135
136 INDEX
of the rising time, 109, 127
outcoupling mirror, 8
oxidation fraction, 76
oxidative respiration, 5
oxygen conductance by rice, 44
P-value, 20
PA-cell, 9
PA-cell response factor, 10
PA-detection, 7
PA-measurement sequence, 10
paddy ﬁeld, 4
picking date, 95
porosity correction
on cross section εA, 53, 57, 77
on diﬀusion εD, 53, 57, 77
porosity correction εp, 48, 123
powermeter, 8
primary tiller, 35
radiative forcing, 68
real skin resistance, 114
resonance frequency, 9
rhizosphere, 5
rice culm, 4
rice cultivar
CT6241, 24
FR13A, 24
IR72, 34
root cortex, 34, 42
root epidermis, 42
root-shoot transition zone, 34
saturation parameter, 13
secondary tiller, 35
SF6 inert, 12
shape correction factor εs, 111
signiﬁcance level, 20
skin resistance, 113
solubility C2H4 in water, 50
solubility SF6 in water, 25, 50
spectral absorption coeﬃcients C2H4, 21
spectral absorption coeﬃcients SF6, 21
successive leaf order, 25
t-test, 20
tiller, 5
tiller age, 35
tiller emergence date, 35
tiller number, 35
tiller type, 35
transmission ﬂux, 106
values higher order terms, 124
variation in skin resistance, 124
vascular bundles, 34
VPDB standard, 75
water lock, 35
Bibliography
Abdul-Baki, A. A. and Solomos, T.: 1994, Diﬀusivity of carbon dioxide through the skin
and ﬂesh of ’russet burbank’ potato tubers, Journal of the American Society for Hor-
ticultural Science 119(4), 742–746.
Abeles, F. B., Morgan, P. W. and Mikal E. Saltveit, J.: 1992, Ethylene in Plant Biology,
2nd edn, Academic Press, Inc., San Diego, California.
Achtnich, C., Schuhmann, A., Wind, T. and Conrad, R.: 1995, Role of interspecies h2
transfer to sulfate and ferric iron-reducing bacteria in acetate consumption in anoxic
paddy soil, FEMS Microbiology Ecology 16, 61–70.
Anghinoni, I., Baligar, V. C. and Wright, R. J.: 1996, Phosphorus sorption isotherm char-
acteristics and availability parameters of appalachian acidic soils, Communications in
soil science and plant analysis 27(9 & 10), 2033–2048.
Armstrong, W., Justin, S. H. F. W., Beckett, P. M. and Lythe, S.: 1991, Root adaptation
to soil waterlogging, Aquatic Botany 39, 57–73.
Axelsson, O.: 1994, Iterative Solution Methods, Cambridge University Press, Cambridge.
p. 605.
Ball, B. C.: 1981, Modelling of soil pores as tubes using gas permeabilities, gas diﬀusivities
and water release, Journal of Soil Science 32, 465–481.
Banks, N. H.: 1985, Estimating skin resistance to gas diﬀusion in apples and potatoes,
Journal of Experimental Botany 36(173), 1842–1850.
Barber, D. A., Ebert, M. and Evens, N. T. S.: 1962, The movement of 15O through barley
and rice plants, Journal of Experimental Botany 13(39), 397–403.
Barone, F. S., Rowe, R. K. and Quigley, R. M.: 1992, A laboratory estimation of diﬀusion
and adsorption coeﬃcients for several volatile organics in a natural clayey soil, Journal
of Contaminant Hydrology 10, 225–250.
Barraclough, P. B. and Tinker, P. B.: 1981, The determination of ionic diﬀusion coeﬃcients
in ﬁeld soils. i. diﬀusion coeﬃcients in sieved soils in relation to water content and
bulk density, Journal of Soil Science 32, 225–236.
Beckett, P. M., Armstong, W., Justin, S. H. F. W. and Armstong, J.: 1988, On the relative
importance of convective and diﬀusive gas ﬂows in plant aeration, The New Phytologist
110, 463–468.
137
138 BIBLIOGRAPHY
Ben-Yehoshua, S., Robertson, N. R. and Biale, J. B.: 1963, Respiration and internal
atmosphere of avocado fruit, Plant Physiology 38, 194–201.
Bijnen, F. G. C., Reuss, J. and Harren, F. J. M.: 1996, Geometrical optimization of a
longitudinal resonant photoacoustic cell for sensitive and fast trace gas detection,
Review of Scientiﬁc Instruments 67(8), 2914–2923.
Bilek, R. S., Tyler, S. C., Sass, R. L. and Fisher, F. M.: 1999, Diﬀerences in CH4 oxidation
and pathways of production between rice cultivars deduced from measurements of
CH4 ﬂux and δ
13C of CH4 and CO2, Global Biogeochemical Cycles 13(4), 1029–1044.
Blanke, M. M.: 1991, Respiration of apple and avocado fruits, Postharvest News and
Information 2(6), 429–436.
Bodegom, P. M. v., Goudriaan, J. and Leﬀelaar, P.: 2001, A mechanistic model on methane
oxidation in a rice rhizosphere, Biogeochemistry: an international journal 55(2), 145–
178.
Borchers, H., Hausen, H., Hellwege, K. H., Scha¨fer, K. L. and Schmidt, E. (eds): 1969,
Zahlenwerte und Funktionen Aus Physik Chemie Astronomie Geophysik und Technik,
Vol. II. Band 5. Teil of Landolt-Bo¨rnstein, 6 edn, Springer-verlag, Berlin.
Burg, S. P. and Burg, E. A.: 1965, Gas exchange in fruits, Physiologia Plantarum 18, 870–
884.
Burton, W. G.: 1982, Postharvest Physiology of Food Crops, Longman, London.
Butterbach-Bahl, K., Papen, H. and Rennenberg, H.: 1997, Impact of gas transport
through rice cultivars on methane emission from rice paddy ﬁelds, Plant, Cell and
Environment 20, 1175–1183.
Byrnes, B. H., Austin, E. R. and Tays, B. K.: 1995, Methane emissions from ﬂooded rice
soils and plants under controlled conditions, Soil Biology and Biochemistry 27, 331–
339.
Calbo: 1986, Gas exchange in fruits and vegetables and the use of, Dissertation abstracts
international 46(11), 3666. Order nr. DA8529198.
Cameron, A. C. and Yang, S. F.: 1982b, A simple method for the determination of resis-
tance to gas diﬀusion in plant organs, Plant Physiology 70, 21–23.
Campbell, G. S.: 1985, Soil Physics with Basic: Transport Models for Soil-Plant Systems,
Vol. 14 of Developments in Soil Science, Elsevier Science Publishers B.V., Amsterdam.
Chanton, J. P. and Dacey, J. W. H.: 1991, Eﬀects of vegetation on methane ﬂux, reservoirs
and carbon isotopic composition, Trace Gas Emission by Plants, Academic Press, Inc.,
pp. 65–92.
BIBLIOGRAPHY 139
Chanton, J. P., Whiting, G. J., Blair, N. E., Lindau, C. W. and Bollich, P. K.: 1997,
Methane emission from rice: Stable isotopes, diurnal variation, and CO2 exchange,
Global Biogeochemical Cycles 11(1), 15–27.
Coleman, D. D., Risatti, J. B. and Schoell, M.: 1981, Fractionation of carbon and hydrogen
isotopes by methane-oxidizing bacteria, Geochimica et Cosmochimica Acta 45, 1033–
1037.
Conrad, R.: 1993, Mechanisms controlling methane emission from wetland rice ﬁelds,
Biogeochemistry of Global Change Radiatively Active Tracer Gases, Chapman & Hall,
New York, pp. 317–335.
Counce, P. A., Siebenmorgen, T. J., Poag, M. A., Holloway, G. E., Kocher, M. F. and
Lu, R.: 1996, Panicle emergence of tiller types and grain yield of tiller order for
direct-seeded rice cultivars, Field Crops Research 47, 235–242.
Cox, D. M. and Gnauck, A.: 1980, Continuous-wave CO2 laser spectroscopy of
SF6, WF6 and UF6, Journal of Molecular Spectroscopy pp. 207–215.
Cox, D. R. and Hinkley, D. V.: 1974, Theoretical Statistics, Chapman and Hall, London.
Crank, J.: 1975, The Mathematics of Diﬀusion, Oxford University Press.
Currie, J. A.: 1965, Diﬀusion within soil microstructure a structural parameter for soils,
Journal of Soil Science 16(2), 279–289.
Demtro¨der, W.: 1993, Laser-Spektroskopie, Springer-Verlag, Berlin Heidelberg.
Denier van der Gon, H. A. C.: 1996, Methane Emission from Wetland Rice Fields, PhD
thesis, Agricultural University of Wageningen, Wageningen, the Netherlands.
Denier van der Gon, H. A. C.: 2000, Changes in CH4 emission from rice ﬁelds from
1960 to the 1990s 1. impacts of modern rice technology, Global Biogeochemical Cycles
14(1), 61–72.
Denier van der Gon, H. A. C. and Neue, H. U.: 1995, Inﬂuence of organic matter incor-
poration on the methane emission from a wetland rice ﬁeld, Global Biogeochemical
Cycles 9, 11–22.
Denier van der Gon, H. A. C. and Neue, H. U.: 1996, Oxidation of methane in the rhizo-
sphere of rice plants, Biology and Fertility of Soils 22(4), 359–366.
Eberly, J. H. and Lambropoulos, P. (eds): 1978, Multiphoton Excitation and Dissociation
of Molecules and Isotope Separation by Intense Infrared Laser Radiation, University
of Rochester, John Wiley & Sons, New York.
Epp, M. A. and Chanton, J. P.: 1993, Rhizospheric methane oxidation determined
via the methyl ﬂuoride inhibition technique, Journal of Geophysical Research
98(D10), 18,413–18,422.
140 BIBLIOGRAPHY
Fetzer, S. and Conrad, R.: 1993, Eﬀects of redox potential on methanogenesis by
methanosarcina barkeri., Archives of Microbiology 160, 108–113.
Frenzel, P. and Bosse, U.: 1996, Methyl ﬂuoride, an inhibitor of methane oxidation and
methane production, FEMS Microbiology Ecology 21, 25–36.
Frenzel, P., Rothfuss, F. and Conrad, R.: 1992, Oxygen proﬁles and methane turnover in
a ﬂooded rice microcosm, Biology and Fertility of Soils 14, 84–89.
Gas Encyclopaedia: 1976, Elsevier scientiﬁc publishing company, Amsterdam, The Nether-
lands.
Gonﬁantini, R.: 1984, Stable isotope reference samples for geochemical and hydrological
investigations, Technical report, Vienna, September 1983. pp. 77.
Harren, F. and Reuss, J.: 1997, Encyclopedia of Applied Physics, Vol. 19, VCH Publishers,
Inc., Weinheim, Germany, chapter Photoacoustic Spectroscopy, pp. 413–435.
Hatﬁeld, S. G. S. and Knee, M.: 1988, Eﬀects of water loss on apples in storage, Interna-
tional Journal of Food Science and Technology 23, 575–583.
Herr Jr., J. M.: 1971, A new clearing-squash technique for the study of ovule development
in angiosperms, American Journal of Botany 58(8), 785–790.
Hillel, D.: 1982, Introduction to Soil Physics, Academic press, Orlando.
Holzapfel-Pschorn, A., Conrad, R. and Seiler, W.: 1986, Eﬀects of vegetation on the
emission of methane from submerged paddy soil, Plant and Soil 92, 223–233.
Hosono, T. and Nouchi, I.: 1997, The dependence of methane transport in rice plants on
the root zone temperature, Plant and Soil 191, 233–240.
Hubbard, C. E.: 1954, Grasses, Penguin Books, Great Britain.
Hunter, S. R., Carter, J. G. and Christophorou, L. G.: 1989, Low energy electon attachment
to SF6 in N2, Ar, and Xe buﬀer gases, Journal of Chemical Physics 90(9), 4879–4891.
Isaacson, E. and Keller, H. B.: 1966, Analysis of Numerical Methods, John Wiley and sons,
New York.
Jackson, M. and Armstrong, W.: 1999, Formation of aerenchyma and the processes of plant
ventilation in relation to soil ﬂooding and submergence, Plant Biology 1, 274–287.
Jensen, C. R., Luxmoore, R. J., Gundy, S. D. V. and Stolzy, L. H.: 1969, Root air space
measurements by a pycnometer method, Agronomy Journal 61, 474–475.
Johnson, K., Huyler, M., Westberg, H., Lamb, B. and Zimmerman, P.: 1994, Measurement
of methane emission from ruminant livestock using a SF6 tracer technique, Environ-
mental Science & Technology 28(2), 359–362.
BIBLIOGRAPHY 141
Jost, W.: 1960, Diﬀusion in Solids, Liquids, Gases, Academic Press, Inc.
Kader, A. A., Zagory, D. and Kerbel, E. L.: 1989, Modiﬁed atmosphere packing of fruits
and vegetables, CRC Critical Reviews in Food Science and Nutrition 28, 1–30.
Ke, D. and Kader, A. A.: 1992, External and internal factors inﬂuence fruit tolerance to
low-oxygen atmospheres, Journal of the American Society for Horticultural Science
117(6), 913–918.
King, G. M.: 1996, In situ analyses of methane oxidation associated with the roots and
rhizomes of a bur reed, Applied and Environmental Microbiology 62, 4548–4555.
Kludze, H. K. and DeLaune, R. D.: 1995, Gaseous exchange and wetland plant response to
soil redox intensity and capacity, Soil Science Society of America Journal 59, 939–945.
Kludze, H. K., DeLaune, R. D. and Patrick, Jr, W. H.: 1994, A colorimetric method for
assaying dissolved oxygen loss from container-grown rice roots, Agronomy Journal
86, 483–487.
Knee, M.: 1991, Rapid measurement of diﬀusion of gas through the skin of apple fruits,
Hortscience 26(7), 885–887.
Kroschwitz, J. I. and Howe-Grant, M.: 1995, Encyclopedia of Chemical Technology, Vol. 5,
4 edn, John Wiley & sons, New York etc., chapter catalysis, pp. 349–350.
Kru¨ger, M., Frenzel, P. and Conrad, R.: 2001, Microbial processes inﬂuencing methane
emission from rice ﬁelds, Global Change Biology 7(1), 49–64.
Lai, S.-H., Tiedje, J. M. and Erickson, A. E.: 1976, In situ measurements of gas diﬀusion
coeﬃcient in soils, Soil Science Society of America journal 40, 3–6.
Langø, T., Mørland, T. and Brubakk, A. O.: 1996, Diﬀusion coeﬃcients and solubility co-
eﬃcients for gases in biological ﬂuids and tissues: A review, Undersea and Hyperbaric
Medical Society 23(4), 247–272.
Lee, K. K., Holst, R. W., Watanabe, I. and App, A.: 1981, Gas transport through rice,
Soil Science and Plant Nutrition 27, 151–158.
Leeuw, K. v. d.: 1994, Geschiedenis van de Chinese Filosoﬁe in Hoofdlijnen, Boom, Ams-
terdam.
Maiss, M., Steele, L. P., Francey, R. J., Fraser, P. J., Langenfelds, R. L., Trivett, N.
B. A. and Levin, I.: 1996, Sulfur hexaﬂuoride-a powerful new atmospheric tracer,
Atmospheric environment 30(10/11), 1621–1629.
Martin, R. R., Zutter, M. and Anthonisen, N. R.: 1972, Pulmonary gas exchange in dogs
breathing SF6 at 1 ata, Journal of Applied Physiology 33(1), 86–92.
142 BIBLIOGRAPHY
Maxwell, C.: 1873, Treatise on Electricity and Magnetism, Vol. I, Oxford University Press.
p. 365.
Mayer, A., Comera, J., Charpentier, H. and Jaussaud, C.: 1978, Absorption coeﬃcients of
various pollutant gases at CO2 laser wavelengths; application to the remote sensing
of those pollutants, Applied Optics 17(3), 391–393.
Meijer, H. A. J., Neubert, R. E. M. and Visser, G. H.: 2000, Cross contamination in dual
inlet isotope ratio mass spectrometers, International Journal of Mass Spectrometry
198, 45–61.
Minoda, T. and Kimura, M.: 1996, Photosynthates as dominant source of CH4 and CO2
in soil water and CH4 emitted to the atmosphere from paddy ﬁelds, Journal of Geo-
physical Research 101(D15), 21,091–21,097.
Moldrup, P., Olesen, T., Yamaguchi, T., Schjønning, P. and Rolston, D. E.: 1999, Model-
ing diﬀusion and reaction in soils: VIII. gas diﬀusion predicted from single-potential
diﬀusivity or permeability measurements, Soil Science 164(2), 75–81.
Myers, D.: 1991, Surfaces, Interfaces, and Colloids, VCH Publishers, Inc., New York.
Neue, H. U. and Roger, P. A.: 1994, Potential of Methane Emission in Major Rice Ecologies
in: Climate Biosphere Interaction, Wiley and Sons, New York.
Nouchi, I.: 1994, Mechanisms of methane transport through rice plants, CH4 and N2O:
Global Emissions and Controls from Rice Fields and Other Agricultural and Indus-
trial Sources, National Institute of Agro Environmental Sciences, NIAES, Kannondai,
Tsukuba, Japan, pp. 87–104.
Oremland, R. S. and Culbertson, C. W.: 1992, Importance of methane-oxidizing bacteria in
the methane budget as revealed by the use of a speciﬁc inhibitor, Nature 356, 421–423.
Oremland, R. S. and Taylor, B. F.: 1975, Inhibition of methanogenesis in marine sediments
by acetylene and ethylene: Validity of the acetylene reduction assay for anaerobic
microcosms, Applied and Environmental Microbiology 30, 707–709.
Penman, H. L.: 1940, Gas and vapour movements in the soil: I. the diﬀusion of vapours
through porous solids, Journal of agricultural science 30, 437–461.
Peppelenbos, H. W. and Jeksrud, W. K.: 1998, A method for the simultaneous mea-
surement of gas exchange and diﬀusion resistance under various gas conditions, Acta
Horticulturae 464 Postharvest 96, 333–338.
Porter, L. K., Kemper, W. D., Jackson, R. D. and Stewart, B. A.: 1960, Chloride diﬀusion
in soil as inﬂuenced by moisture content., Soil Science Society of America Proceedings
24, 460–463.
BIBLIOGRAPHY 143
Prather, M., Derwent, R., Ehhalt, D., Fraser, P., Sanhueza, E. and Zhou, X.: 1995, Other
trace gases and atmospheric chemistry, in climate change 1994., in J. T. Houghton,
L. G. Meira Filho, J. Bruce, H. Lee, B. A. Callander, E. Haites and K. Maskell (eds),
Radiative Forcing of Climate Change and an Evaluation of the IPCC IS92 Emissions
Scenarios, Cambridge University Press, Cambridge, pp. 73–126.
Purseglove, J. W.: 1976, Tropical Crops Monocotyledons, Longman Group Limited, Lon-
don.
Rajapakse, N. C., Banks, N. H., Hewett, E. W. and Cleland, D. J.: 1990, Development of
oxygen concentration gradients in ﬂesh tissues of bulky plant organs, Journal of the
American Society for Horticultural Science 115(5), 793–797.
Ram, P. C., Singh, B. B., Singh, A. K., Ram, P., Singh, P. N., Boamfa, I., Harren, F.,
Santosa, E., Jackson, M. B., Setter, T. L., Reuss, J., Wade, L. J., Singh, V. P. and
Singh, R. K.: 2001, Physiological basis of submergence tolerance in rainfed lowland
rice: Prospects for germ plasm improvement through marker aided breeding, Field
Crops Research 66.
Ramaswamy, V.: 2000, IPCC, Third Assessment Report, Intergovernmental Panel on Cli-
mate Change WGI, chapter 6, Radiative forcing of climate change. Final Draft Report.
Rappoldt, C.: 1990, The application of diﬀusion models to an aggregated soil, Soil Science
150(3), 645–661.
Raskin, I. and Kende, H.: 1983, How does deep water rice solve its aeration problem, Plant
Physiology 72, 447–454.
Rees, K. C. J. V., Comerford, N. B. and Rao, P. S. C.: 1990, Deﬁning soil buﬀer power:
Implications for ion diﬀusion and nutrient uptake modeling, Soil Science Society of
America Journal 54, 1505–1507.
Rinsland, C. P.: 1990, Infrared spectroscopic detection of sulfur hexaﬂuoride (SF6)
in the lower stratosphere and upper troposphere, Journal of Geophysical Research
95(D5), 5577–5585.
Rolston, D. E. and Brown, B. D.: 1977, Measurement of gaseous diﬀusion coeﬃcients by a
transient-state method with a time-dependent surface condition, Soil Science Society
American Journal 41, 499–505.
Rowell, D. L., Martin, M. W. and Nye, P. H.: 1967, The measurement and mechanism of
ion diﬀusion in soils. III the eﬀect of moisture content and soil solution concentration
on the self-diﬀusion of ions in soils, Journal of Soil Science 18, 204–222.
Schaik, A. V. and Roelofs, F.: 1995, Risico’s holle peren zijn te verminderen, Groenten +
Fruit / Hard- en zachtfruit pp. 10–11. Week 32.
144 BIBLIOGRAPHY
Schneider, T. (ed.): 1998, Air Pollution in the 21st Century Priority Issues and Policy,
Vol. 72 of Studies in Environmental Science, Elsevier, Amsterdam.
Schu¨tz, H., Seiler, W. and Conrad, R.: 1989, Processes involved in formation and emission
of methane in rice paddies, Biogeogemistry 7, 33–53.
Sprott, G. D., Jarrell, K. F., Shaw, K. M. and Knowles, R.: 1982, Acetylene as an inhibitor
of methanogenic bacteria, The Journal of General Microbiology 128, 2453–2462.
Tyler, S. C. and Bilek, R. S.: 1997, Methane oxidation and pathways of production in a
texas paddy ﬁeld deduced from measurements of ﬂux, δ13C, and δD of CH4, Global
Biogeochemical Cycles 11(3), 323–348.
Voesenek, L. A. C. J., der Sman, A. J. M. V., Harren, F. J. M. and Blom, C. W. P. M.:
1992, An amalgamation between hormone physiology and plant ecology: A review on
ﬂooding resistance and ethylene, Plant Growth Regulation 11, 171–188.
Wassmann, R., Neue, H. U., Lantin, R. S., Aduna, J. B. et al.: 1994, Temporal patterns of
methane emissions from wetland rice ﬁelds treated by diﬀerent modes of N application,
Journal of Geophysical Research 99(D8), 16457–16462.
Watanabe: 1994, Eﬀect of rice straw application on ch4 emission from paddy ﬁelds, Soil
Science and Plant Nutrition 40(3), 497–504.
Watanabe, I., Hashimoto, T. and Shimoyama, A.: 1997, Methane-oxidizing activities and
methanotrophic populations associated with wetland rice plants, Biology and Fertility
of Soils 24(3), 261–265.
Wilson, R. D. and Mackay, D. M.: 1996, SF6 as a conservative tracer in saturated me-
dia with high intragranular porosity or high organic carbon content, Ground Water
34(2), 241–249.
Witteman, W. J.: 1987, The CO2 Laser, Vol. 53 of Springer Series in Optical Sciences,
Springer-Verlag, Berlin.
Yoshida, S., Forno, D. and Cock, J.: 1976, Laboratory Manual for Physiological Studies of
Rice, 3 edn, International Rice Research Institute, Manila.
Zucrow, M. J. and Hoﬀman, J. D.: 1976, Gas Dynamics, John Wiley & Sons Inc., U.S.A.
Samenvatting
Zoals de titel vermeldt worden in dit proefschrift de resultaten gepresenteerd van onderzoek
aan de gasuitwisseling van rijstplanten en peren. Hierbij wordt een op laser licht gebaseerde
fotoakoestische detectie methode gebruikt waarmee extreem lage gasconcentraties bepaalt
kunnen worden. De gebruikte laser was een ’sealed-oﬀ’ CO2 laser welke in de loop van
de tijd een steeds zwakker wordend uitgangsvermogen afgaf. Dit had eﬀect op de resul-
taten omdat de voor de biologische experimenten, ethyleen (C2H4) en zwavelhexaﬂuoride
(SF6) als sporen gas gebruikt waren. Beide moleculen vertonden een niet lineair absorptie
gedrag (respectievelijk een verzadigings- en multifotonadsorptie) waardoor de absorptie
afhankelijk werd van de laser intensiteit. Dit is in het tweede hoofdstuk beschreven. In
dit hoofdstuk zijn de correcties op de absorptie coe¨ﬃcie¨nten voor deze processen bepaald
en wordt er een verklaring gegeven waarom de concentraties in een mengsel van ethyleen
en SF6 niet eenduidig bepaald kan worden met deze vorm van fotoakoestiek. Gedurende
latere experimenten was vanwege deze afname een doorstroom CO2-laserbuis gebruikt.
Het derde hoofdstuk behandelt het gas transport door jonge rijstplanten. Rijst, dat
normaal groeit in natte rijstvelden, transporteert zuurstof naar de wortelpunten waar met
ae¨robe respiratie wordt voorzien in de energiebehoefte van de wortels. Het gastransport
van een rijstvarie¨teit welke goed bestand is tegen hoge waterstanden is vergeleken met een
rijstvarie¨teit die daar minder goed tegen kan maar wel een hogere opbrengst geeft. Er is
echter geen verschil gevonden tussen de twee varie¨teiten; het transport bleek voornamelijk
af te hangen van de leeftijd van het blad. Het transport van elk jong blad bleek vlak na
uitkomen gelijk te zijn aan dat van zijn voorgangers, echter na verloop van tijd werd een
afname in het gastransport geconstateerd.
In volwassen rijst planten zijn scheuten van de hoofdstengel los gekomen. Elke scheut
moet zijn wortels voorzien van zuurstof. We konden in hoofdstuk vier laten zien dat tijdens
de groei van de scheut het gastransport af nam. Nadat de scheut zijn uiteindelijke dikte
had bereikt, leek het gastransport weer toe te nemen. De porie¨n in de wortel-stengel over-
gang van de scheut veroorzaken de meeste weerstand voor gastransport. Met behulp van
een kleine overdruk werd een gasstroom vanuit de wortels, via de wortel-stengel overgang,
naar de stengel opgewekt, waarmee de diameter van de porie¨n berekend kon worden. De
gevonden poriediameter bleek ongeveer 6 µm te zijn. Met behulp van fasecontrast micro-
scopie konden we zien dat de intercellulaire ruimten (waar het transport door plaats vond)
ongeveer dezelfde afmetingen hadden. De transportmetingen kwamen dus goed overeen
met de microscoopopnamen.
Voor al deze experimenten was SF6 als sporengas gebruikt bij lage concentraties. SF6 is
een inert sporengas wat biologisch niet actief is; daarom is het uitstekend te gebruiken bij
het bepalen van gasdiﬀusie transport. De diﬀusie coe¨ﬃcie¨nt van SF6 in water is echter niet
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bekend, daarom is in hoofdstuk vijf het gastransport in water verzadigde grond bepaald.
Daarnaast is in dit hoofdstuk aangetoond dat dynamisch diﬀusie transport twee porositeit
parameters nodig heeft; alleen een porositeit parameter voor de diﬀusie coe¨ﬃcie¨nt voldeed
niet. De porositeitsparameters van de grond waren bepaald met behulp van C2H4, van dit
gas was de diﬀusie coe¨ﬃcie¨nt in water wel bekend. Met deze parameters werd vervolgens
de diﬀusie coe¨ﬃcie¨nt van SF6 in water bepaald. Naast de diﬀusie coe¨ﬃcie¨nt kon ook de
adsorptie van SF6 aan grond kwantitatief bepaald worden. Deze adsorptie kon worden
verklaard met Langmuir model.
Rijstvelden produceren methaan, en aangezien het oppervlak waarop rijst verbouwd
wordt aanzienlijk is, is de hoeveelheid geproduceerd methaan dat ook. Methaan is een
broeikasgas en draagt aanzienlijk bij tot opwarming van de atmosfeer. Het methaan wordt
geproduceerd in de rijstbodem door bacterie¨n; het wordt via het wordtelstelsel en de ri-
jststengels naar de atmosfeer getransporteerd. Tijdens dit transport wordt een deel van
deze methaan in de zogeheten rhizosfeer (een dunne grondlaag rond elke wortel) door
methaanconsumerende bacterie¨n omgezet in CO2. In hoofdstuk zes was het
13C-isotoop
van methaan gebruikt om deze zogeheten oxidatie te bepalen. Een nadeel van het gebruik
van 13C-methaan was dat in de natuur al vrij veel van dit isotoop aanwezig is. Met be-
hulp van een referentie plant kon voor dit achtergrondeﬀect gecorrigeerd worden. Voor de
oxidatiefractie van methaan was een waarde van 0 tot 7% gevonden. Met behulp van de
diﬀusie coe¨ﬃcie¨nt en adsorptie parameters van SF6, welke bepaald was in het voorgaande
hoofdstuk, was de diﬀusielengte van methaan door de grond bepaald. SF6 wordt namelijk
niet omgezet door bacterie¨n.
In hoofdstuk zeven is naar de gasuitwisseling van Conference peren gekeken. Een gasuit-
wisselingsparameter is ge¨introduceerd en er is gekeken of met deze parameter een verschil
in oogsttijd en boomgaard kon worden bepaald. Een ander interessante probleemstelling in
fruit op het gebied van gasuitwisseling is het bepalen van de interne concentratie gradie¨nt.
Peren hebben een klein intern gasvolume en een lage interne gasdiﬀusie zou de gasuit-
wisseling kunnen hinderen. Het genormaliseerde verschil in gasuitwisseling tussen beide
zijden van een peer is een maat voor de interne diﬀusie weerstand. Van fruit is bekend
dat de interne weerstand met rijping toeneemt, daarom is de gasuitwisseling gevolgd voor
rijpende peren. Het genormaliseerde verschil in gas uitwisseling tussen de twee zijden van
de peer gaf aan dat bij niet rijpe peren de interne gastransportweerstand verwaarloosbaar
was ten opzichte van de huidweerstand.
Het verschil in gasuitwisseling aan beide zijden is echter geen kwantitatieve maat voor
de interne weerstand. Daarom is in hoofdstuk acht met behulp van diﬀusiemodellen en
gastransmissie metingen een poging gedaan deze parameter te vergelijken met de werkelijke
eﬀectieve interne diﬀusieweerstand. De vrucht was hierbij intact gelaten, waarbij zowel de
interne diﬀusie als de diﬀusie door de huid gemodelleerd was. In overeenstemming met het
resultaat van het vorige hoofdstuk bleek voor Conference peren de bijdrage van de interne
weerstand aan de gasuitwisseling laag te zijn, in de orde van 1%.
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